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Abstract 


Allelic  loss  at  the  short  arm  of  chromosome  1 1  is  one  of  the  most  common  and  potent  events  in  the 
progression  and  metastasis  of  breast  cancer.  Here,  we  present  evidence  that  the  Integrin-Linked  Kinase 
{ILK)  gene  maps  to  the  commonly  deleted  chromosome  1 1  p  1 5 . 5  and  suppresses  malignant  growth  of 
human  breast  cancer  cells  both  in  vitro  and  in  vivo.  ILK  is  expressed  in  normal  breast  tissue  but  not  in 
metastatic  breast  cancer  cell  lines  or  in  advanced  breast  cancers.  Transfection  of  wild-type  ILK  into  the 
MDA-MB-435  mammary  carcinoma  cells  potently  suppressed  their  growth  and  invasiveness  in  vitro,  and 
reduced  the  cells’  ability  to  induce  tumors  and  metastasize  in  athymic  mice.  Conversely,  expression  of  the 
ankyrin  repeat  or  catalytic  domain  mutants  of  ILK  failed  to  suppress  the  growth  of  these  cells.  Growth 
suppression  by  ILK  is  not  due  to  apoptosis  but  is  mediated  by  its  ability  to  block  cell  cycle  progression  in 
the  G1  phase.  These  findings  directly  demonstrate  that  ILK  deficiency  facilitates  neoplastic  growth  and 
suggest  a  novel  role  for  the  ILK  gene  in  tumor  suppression. 
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A.  Introduction 

Genetic  alterations  that  occur  in  breast  cancer  are  believed  to  be  of  importance  for  initiation  as  well  as 
progression  of  the  disease.  These  genetic  alterations  lead  to  the  loss  or  activation  of  a  number  of  critical 
genes,  such  as  those  involved  in  cell  proliferation,  differentiation,  apoptosis,  and  genetic  stability.  The 
genetic  abnormalities  most  frequently  observed  in  breast  tumors  are  amplification  of  proto-oncogenes 
C MYC ,  ERBB2  and  CCND1),  mutations  of  TPS 3,  and  loss  of  heterozygosity  (LOH)  on  chromosomes  3p, 
6q,  7q,  8p,  9p,  11,  13q,  17,  18q  and  22q  (1,  2).  Metastatic  phenotypes  have  been  linked  to  such  genes  as 
NME1  (17q),  CDH1  (16q),  BRMS1  (1  lq),  and  KISS1  (lq)  (1,  3-5).  LOH  analyses  have  defined  regions  of 
deletion  associated  with  metastasis  on  chromosomes  3p21,  15ql4,  16q22  and  1 1  pi 5  (2,  6) 

Frequent  genetic  alterations  on  chromosome  1 1  pi 5  suggest  a  crucial  role  for  this  region  in  breast  (6, 
7)  and  other  adult  (8-12)  and  childhood  cancers  (13-17).  More  recently,  we  have  mapped  two  distinct 
regions  on  chromosome  1 1  pi 5.5  that  are  subject  to  LOH  during  breast  tumor  progression  and  metastasis 
(6).  LOH  at  region  1  correlated  with  tumors  that  contain  ductal  carcinoma  in  situ  suggesting  that  the  loss 
of  a  critical  gene  in  this  region  may  be  responsible  for  early  events  in  malignancy.  LOH  at  region  2 
correlated  with  a  more  aggressive  tumor  and  an  ominous  outlook  for  the  patient,  such  as  aneuploidy,  high 
S-phase  fraction  and  the  presence  of  metastasis  in  regional  lymph  nodes.  Although  considerable  advances 
have  been  made  in  the  fine-mapping  of  chromosome  1  lpl  5.5,  the  tumor  suppressor  gene(s)  encoded  by 
this  region  have  evaded  identification. 

Integrin-linked  kinase  (ILK)  is  an  intriguing  serine/threonine  kinase  that  has  been  implicated  in 
integrin-,  growth-factor-  and  Wnt-signaling  pathways  (18).  It  binds  to  the  cytoplasmic  domains  of  [31  and 
(33  integrins  and  mediates  the  down-stream  signaling  events  in  integrin  function  (19).  Interactions 
between  integrins  and  their  ligands  are  involved  in  the  regulation  of  many  cellular  functions,  including 
embryonic  development,  cell  proliferation,  tumor  growth  and  the  ability  to  metastasize  (20).  In 
Drosophila ,  the  absence  of  ILK  function  causes  defects  similar  to  loss  of  integrin  adhesion  and  ILK 
mutations  cause  embryonic  lethality  and  defects  in  muscle  attachment  (21).  Although  ILK  maps  to  the 
commonly  deleted  chromosome  Up,  the  potential  of  this  gene  in  tumor  suppression  has  not  been 
established.  We  have  therefore  analyzed  the  effect  of  ILK  expression  on  the  in  vitro  and  in  vivo  tumor 
growth  and  invasion  of  human  mammary  carcinoma  cells. 

B.  Body 

Localization  of  ILK  to  the  LOH  region  on  chromosome  llpl5.5. 

The  LOH  region  2  (6)  extends  between  the  markers  D1 1S1760-D1 1S1331  on  chromosomal  band  1 1  p  1 5 . 5 
(Figure-1).  We  constructed  a  500  kb  genomic  contig  (Karnik  et  al,  unpublished  results)  that  includes  the 
critical  region  between  D1  IS  1760  and  D1  IS  1331.  Using  a  PCR-based  screening  method,  we  initially 
isolated  PAC  and  BAG  clones  that  contained  D1  IS  1760  and  D 1 1 S 1 33 1  markers.  The  order  of  the 
genomic  clones  in  the  contig  was  confirmed  by  mapping  of  STSs,  ESTs,  unigene  clusters  and  known 
genes  that  were  previously  mapped  to  chromosome  11.  Eleven  novel  transcripts  and  seven  previously 
reported  genes  were  PCR-mapped  to  the  critical  region  between  D1 1  SI  760  and  D1 1  SI  331 .  Three  of  the 
known  genes,  Tata  box-binding  protein-associated  protein  (TAF II 30)  (22),  Lysosomal  pepstatin 
insensitive  protease  ( CLN2 )  (23)  and  Integrin  -linked  kinase  (ILK)  (24)  were  previously  mapped  only  at 
the  level  of  cytogenetic  resolution.  However,  with  the  current  mapping  data,  we  have  been  able  to 
determine  the  precise  genomic  locations  of  these  three  genes  (Figure- 1).  The  map  location  and  its  role  in 
multiple  signaling  pathways  makes  ILK  an  attractive  candidate  tumor  suppressor  gene. 

Loss  of  ILK  expression  in  human  breast  carcinomas. 

To  determine  whether  ILK  has  a  role  in  breast  cancer  progression,  mRNA  expression  in  normal  and  tumor 
breast  epithelial  cells  was  compared  by  Northern  blot  hybridization  (Figure-2).  A  single  1 .8  kb  ILK 
mRNA  is  highly  expressed  in  all  samples  of  normal  breast  epithelial  cells.  Three  representative  examples 
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are  shown  in  Figure-2  (Nl,  N7  and  N8)  In  sharp  contrast,  there  is  complete  loss  of  ILK  mRNA  expression 
in  9  out  of  15  (-60%)  invasive  breast  tumors  and  a  2-5  fold  down-regulation  of  ILK  mRNA  in  the 
remaining  breast  tumors  (Figure-2A).  Comparison  of  ILK  mRNA  expression  in  a  panel  of  well- 
characterized  breast  cancer  cell  lines  and  in  the  non-malignant  breast  epithelial  cell  line  MCF-10A  is 
shown  in  Figure-2B.  ILK  mRNA  expression  in  MCF-10A  is  comparable  to  the  expression  in  normal 
breast  tissue  (N7,  N8)  (Figure-2B).  However,  there  is  a  3-5  fold  down-regulation  of  ILK  mRNA 
expression  in  the  breast  cancer  cell  lines  MCF-7,  T47D,  ZR75.1,  MDA-468,  MDA-134,  MDA-231  and 
MDA-435  (Figure-2B). 

To  further  confirm  these  observations,  ILK  protein  expression  was  also  examined  using  indirect 
immunofluorescence  microscopy  in  frozen  samples  of  20  normal  and  corresponding  pathological  human 
breast  tissue  samples.  Figure-3  shows  four  representative  examples.  Immunohistochemical  staining  of 
normal  breast  tissue  with  /LA'-specific  primary  antibody  and  rhodamine  labeled  secondary  antibody 
shows  specific  staining  of  the  mammary  epithelial  cells  surrounding  the  lumen  in  normal  breast  tissue 
from  breast  cancer  patients.  ILK  expression  is  particularly  intense  in  epithelial  cells  both  within  large 
ducts  and  within  terminal  duct  lobular  units  but  not  in  the  stromal  compartment.  Incubation  with  purified 
nonspecific  rabbit  immunoglobulin  IgG,  did  not  result  in  any  positive  staining  of  the  normal  epithelium  of 
the  breast  (control).  The  normal  breast  tissue  from  four  representative  patients  were  positive,  (3N,  12N, 
6N  and  ION)  whereas  ILK  expression  was  nearly  completely  lost  in  the  four  corresponding  infiltrating 
ductal  carcinomas  (3T,  12T,  6T,  10T)  (Figure-3).  These  data  show  that  ILK  production  by  breast  tumor 
cells  correlates  inversely  with  tumorigenecity  and  metastatic  potential. 

The  ILK  gene  maps  to  chromosome  1  lpl 5.5  a  region  that  displays  a  high  frequency  (-60%)  of  LOH 
in  breast  cancer.  All  breast  tumor  samples  described  in  Figures  2  and  3  have  previously  been  identified  to 
contain  LOH  at  the  1  lpl  5.5.  (6).  Allelic  loss  results  in  the  reduction  of  gene  dosage  and  thus  may  result 
in  decreased  expression.  However,  as  seen  in  Figure-2,  all  tumors  have  LOH  for  1 1  p  1 5.5  and  yet,  only 
some  tumors  show  complete  loss  of  ILK  expression.  Therefore,  intragenic  mutations  or  epigentic 
mechanisms  might  contribute  to  the  biallelic  silencing  of  the  ILK  gene  in  breast  tumors.  We  sought  to 
detennine  if  mutations  are  involved  in  the  dysregulation  of  the  ILK  gene  during  the  progression  of  human 
breast  cancer.  The  ILK  gene  consists  of  13  exons  (Melchior  et  al.,  2000,  GenBank  database,  GI  accession 
AJ404847).  Primers  derived  from  the  sequences  flanking  each  exon  of  ILK  were  used  to  analyze  genomic 
DNA  from  20  invasive  breast  tumors  and  matched  normal  tissue  from  the  same  patients.  Using  PCR- 
single  strand  conformation  polymorphism  (PCR-SSCP),  only  one  of  the  20  tumors  analyzed  showed  a 
band  shift  in  the  SSCP  assay.  Subsequent  DNA  sequencing  confirmed  a  silent  mutation  at  codon  352 
(GCA — >GCG)  (data  not  shown).  These  results  demonstrate  that  ILK  mRNA  and  protein  expression  is 
consistently  down-regulated  during  the  progression  of  human  breast  cancer  and  this  down-regulation  does 
not  commonly  involve  mutations.  Epigenetic  mechanisms  as  a  probable  cause  of  ILK  gene  silencing  are 
currently  under  investigation. 

ILK  suppresses  cell  growth  in  human  breast  carcinoma  cells. 

The  inverse  correlation  between  ILK  expression  and  tumorigenecity  suggested  the  hypothesis  that 
elaboration  of  ILK  by  tumor  cells  into  their  environment  may  exert  an  inhibitory  effect.  To  test  this 
hypothesis,  we  transfected  the  human  breast  carcinoma  cell  line  MDA-MB-435  with  the  ILK  cDNA.  This 
cell  line  synthesizes  very  low  levels  of  ILK  compared  to  normal  mammary  epithelial  cells  (Figure- 2B) 
and  can  be  injected  into  the  mammary  fat  pad  of  nude  mice  to  provide  an  orthotopic  model  system  for 
human  breast  cancer  tumorigenecity  and  metastasis.  The  MDA-MB-435  cells  were  transfected  with  a 
mammalian  expression  vector  pIRES-EGFP  containing  full  length  ILK  cDNA  under  control  of  the  CMV 
promoter.  A  total  of  four  stable  clones  expressing  different  levels  of  ILK  have  been  established. 
Comparison  of  mRNA  expression  by  Northern  blot  analyses  revealed  that  the  clones  TR4  and  TR5 
expressed  slightly  higher  levels  of  ILK  mRNA  compared  to  the  clones  TR2  and  TR3  (Figure  4B).  Based 
on  Northern  analysis,  ILK  expression  in  clone  TR5  is  2-3  fold  higher  compared  to  the  expression  in  the 
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non-malignant  breast  epithelial  cell  line  MCF-10A  and  to  the  expression  in  normal  mammary  epithelial 
cells  (Figure-2B)  suggesting  that  ILK  is  overexpressed  in  the  TR5  clone.  The  expression  of  ILK  in  empty 
vector  controls  (data  not  shown)  is  comparable  to  untranfected  MDA-MB-435  cells  (UT).  ILK  protein 
levels  in  transfected  (TR5)  and  untransfected  cellswasdetermined  by  indirect  immunofluorescence.  High 
levels  of  ILK  protein  are  expressed  in  the  transfected  MDA-MB-435  cells  (Figure  4Ac)  compared  to  the 
untransfected  control  (Figure-4Ab).  The  ILK  protein  is  localized  in  the  cytoplasm.  Most  strikingly, 
corresponding  to  the  low  levels  of  ILK  inRNA  (Fig.  2B),  the  highly  metastatic  MDA-MB-435  cell  line 
showed  very  little  detectable  ILK  protein  (Figure  4Ab). 

To  determine  whether  ILK  overexpression  had  any  effect  on  the  growth  properties  of  the  MDA-MB- 
435  cells,  we  determined  the  growth  kinetics  of  the  clones  TR3  and  TR5.  ILK  expression  causes  the 
MDA-MB-435  cells  to  grow  to  a  low  saturation  density  (Figure-5A)  and  there  is  substantial  growth 
suppression  of  the  TR5  clone  compared  to  untransfected  MDA-MB-435  cells.  The  growth  suppression  of 
the  transfectants  was  ILK  concentration  dependent  with  TR5  (high  expressing  clone)  growing  to  a  lower 
saturation  density  than  TR3  (low  expressing  clone).  Furthermore,  the  growth  rate  of  TR5  was  decreased 
by  ~  40%  with  a  cell  doubling  time  of  96  hours  compared  to  the  growth  rate  of  cells  transfected  with 
vector  alone  or  untransfected  cells  which  had  a  doubling  time  of  48  hours. 

The  ability  of  ILK  to  suppress  growth  could  be  due  to  a  non-specific  lethal  effect  of  protein 
overproduction.  Alternatively,  it  could  be  a  manifestation  of  a  more  specific  effect  on  cell  proliferation. 
To  further  investigate  these  possibilities  and  to  establish  a  link  between  a  functional  ILK  and  growth 
suppression,  we  tested  the  growth  kinetics  of  two  ILK  variants.  ILK  contains  four  ankyrin  repeats  at  the 
NH2-terminus  (18)  that  participate  in  protein-protein  interactions  important  for  integrin-,  growth- factor- 
and  Wnt-  mediated  signaling.  First,  a  deletion  mutant,  A  ANK  lacking  this  domain  was  constructed.  In 
addition,  the  residue  E359  has  been  shown  to  be  essential  for  ILK  function  (18).  We  therefore  constructed 
an  ILK  point  mutant  (E359K)  in  which  the  highly  conserved  Glu359  within  the  ILK  catalytic  domain  was 
substituted  with  lysine.  The  growth  rates  of  the  stably  transfected  ILK  mutant  clones  A  ANK  and  E359K 
compared  to  the  ILK  transfectant  TR5  are  shown  in  Figure  5B.  As  discussed  above,  overexpression  of  the 
wild-type  ILK  strongly  inhibited  growth  of  the  MDA-MB-435  cells.  In  contrast,  both  the  A  ANK  and 
E359K  mutants  lost  their  capacity  to  suppress  the  growth  of  the  MDA-MB-435  cells  (Figure-5B)  arguing 
against  a  non-specific  effect  of  protein  overproduction. 

Expression  of  ILK  in  MDA-MB-435  cells  leads  to  a  G1  cell  cycle  arrest. 

The  observed  growth  suppression  by  ILK  could  be  caused  by  either  increased  apoptosis  or  inhibition  of 
cell  proliferation.  To  investigate  the  mechanisms  underlying  the  growth  suppression  by  ILK  expression, 
we  studied  apoptosis  by  fluorescence-activated  cell  sorting  (FACS)  analysis  of  Annexin-V  stained  ILK 
and  vector  transfectants.  There  was  no  increase  in  the  rate  of  apoptosis  in  /ZA'-expressing  cells  compared 
to  vector  transfectants  (data  not  shown).  Therefore,  programmed  cell  death  does  not  seem  to  account  for 
the  growth  suppression  of  ILK  transfected  cells. 

To  test  for  cell  cycle  regulation  by  ILK,  propidium  iodide  stained  MDA-MB-435  clones  were 
analyzed  by  flow  cytometry.  Expression  of  ILK  increased  the  number  of  cells  in  G0/G1  from  64  to  85% 
(Figure-5C,  VT  and  TR5-ILK)  and  decreased  inversely  the  number  of  cells  in  S  and  G2/M  phase  from  26 
and  10%  to  9  and  5%  (Figure-5C,  VT  and  TR5-ILK).  In  contrast,  the  cell  cycle  profiles  of  the  two  ILK 
variants  A  ANK  and  E359K  were  very  similar  to  the  parental  MDA-MB-435  cells.  These  results  indicate 
that  ILK  growth  suppression  results  from  G1  cell  cycle  aitest.  The  accumulation  of  cells  in  the  G0/G1 
phase  of  the  cell  cycle  suggests  arrest  predominantly  at  the  Gl/S  boundary.  ILK  overexpression  does  not 
induce  cell  death  or  apoptosis  but  induces  a  very  pronounced  growth  arrest  with  85%  of  the  cells  in 
G0/G1,  a  property  that  is  the  hallmark  of  growth/tumor  suppressors.  Growth  suppressor  genes  play  an 
important  role  in  checkpoint  function  and  loss  of  genes  associated  with  checkpoint  functions  seem  to  have 
important  implications  in  the  development  of  cancer.  The  percentage  G1  arrest  induced  by  ILK  is 
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comparable  to  the  effect  on  cell  cycle  progression  induced  by  the  p21  cyclin-dependent  kinase  inhibitor 
(25). 


ILK  suppresses  the  invasive  phenotype  of  human  breast  carcinoma  cells. 

The  invasiveness  of  tumor  cells  represents  one  of  several  important  properties  necessary  for  the  formation 
of  metastases.  Cell  migration  on  vitronectin  in  vitro  has  been  linked  to  the  metastatic  capacity  of  tumor 
cells  in  vivo  (26,  27).  To  examine  the  effects  of  ILK  expression  on  breast  cancer  cell  invasion,  the  ability 
of  vector  and  ILK  transfected  MDA-MB-435  cells  to  degrade  and  invade  vitronectin  -coated 
polycarbonate  membrane  was  investigated.  As  shown  in  Figure-6A,  a  significant  reduction  in  invasive 
potential  was  noted  in  the  ILK  expressing  clone  TR5  (ILK)  compared  to  vector  transfected  MDA-MB- 
435  cells  (VT)  (Figure-6A).  Cell  invasion  through  membranes  coated  with  vitronectin,  is  decreased  by 
60%  in  MDA-MB-435  cells  expressing  ILK  compared  to  vector  transfected  MDA-MB-435  cells.  In 
contrast,  the  two  ILK  variants  A  ANK  and  E359K  have  no  significant  effect  on  cell  invasion  under 
identical  conditions  (Figure-6A).  In  fact,  there  is  a  slight  increase  in  invasive  potential  of  the  variant 
clones  (A  ANK  and  E359K),  suggesting  a  dominant-negative  effect,  perhaps  due  to  inhibition  of 
endogenous  ILK  in  the  MDA-MB-435  cells.  These  results  indicate  that  ILK  expression  abates 
extracellular  matrix  invasion  of  tumor  cells  in  vitro,  one  of  the  hallmarks  of  tumorigenecity  and 
transformed  cell  growth. 

Cell  adhesion,  migration  and  invasion  are  controlled  by  the  levels  of  integrins  and  by  the  amount  of 
fibronectin  matrix  around  the  cell  (20).  Because  the  av(33  and  a5Bl  integrins  have  been  implicated  in  the 
regulation  of  angiogenesis,  tumor  cell  migration,  invasion  and  metastasis,  we  speculated  that  ILK  might 
regulate  cell  migration  via  alteration  of  the  cellular  composition  of  integrins.  Using  a  panel  of  specific 
antibodies  against  these  integrins  in  flow  cytometry  analysis,  we  compared  integrin  expression  patterns  in 
relation  to  the  ILK  expression  status.  The  results  are  shown  in  Figure-6B.  The  ILK  transfected  cells 
demonstrated  a  22%  increase  in  levels  of  the  growth-suppressing  integrin  a5pl  and  a  31%  decrease  in 
levels  of  the  growth-promoting  integrin  avp3  compared  to  the  control  cells.  The  changes  in  levels  of 
avp3  and  a5!31  expression  in  ILK  transfected  cells  although  relatively  moderate  in  comparison  to  control 
cells,  nonetheless,  were  highly  significant.  Collectively,  these  observations  suggest  that  ILK  reduces  the 
invasive  potential  of  MDA-MB-435  cells  by  altering  their  integrin  profiles,  which  changes  their  ability  to 
perceive  and  interact  with  their  extracellular  environment. 

ILK  suppresses  tumor  formation  and  metastasis  in  nude  mice. 

The  most  stringent  experimental  test  of  neoplastic  behavior  is  the  ability  of  injected  cells  to  form  tumors 
in  nude  mice.  Yet  not  all  of  the  cellular  growth  properties  commonly  associated  with  the  cellular  state  in 
vitro  are  required  for  neoplastic  growth  in  vivo  and  vice  versa.  Therefore,  loss  of  tumorigenecity  under 
expression  of  ILK  in  vivo  would  be  a  critical  test  to  substantiate  the  growth  suppressor  function  of  ILK. 
The  mammary  carcinoma  cell  line  MDA-MB-435  forms  tumors  at  the  site  of  orthotopic  injection, 
metastasizes  in  nude  mice  and  closely  resembles  the  course  of  human  breast  cancer  (52).  To  investigate 
whether  ILK  expression  affected  tumor  formation  in  nude  mice,  two  different  ILK  transfectant  clones 
(TR5-ILK  and  TR3-ILK)  and  two  vector  controls  were  inoculated  into  the  subaxillary  mammary  fat  pads 
of  4-6  week  old  athymic  nude  mice.  Tumors  were  measured  weekly  thereafter  to  assess  the  growth  rate. 
All  MDA-MB-435  vector  transfectants  were  already  palpable  7  days  after  injection.  Subsequently,  the 
tumors  of  vector  transfectants  grew  steadily  attaining  mean  volumes  of  3.0  cm3  (mean  +  s.d.)  at  1 5  weeks 
(Fig.  7A  and  B).  In  contrast,  only  2  of  12  mice  injected  with  ILK  transfectants  developed  tumors.  The 
tumor  growth  of  ILK  transfectants  was  significantly  slower  than  than  that  of  control  transfectants  (P  < 
0.005,  Fisher  variance  analysis).  At  sacrifice,  (15  weeks)  the  ILK  tumors  reached  a  mean  volume  of  only 
0.45  cm3  (mean  +  s.d.)  which  was  significantly  smaller  than  control  tumors  ( P  <  0.001,  Student’s  t-test). 
Vector  transfected  MDA-MB-435  cells  developed  an  average  of  12-24  lung  metastases  per  mouse 


7 


Pratima  Karnik,  PluD. 

Report  DAMD1 7-00-1-0205 

(Figure-7C).  Additional  tumor  masses  were  present  in  central  venous  blood  vessels,  the  diaphragm,  and 
lymph  nodes  of  vector  transfectants  (data  not  shown).  In  contrast,  with  the  ILK  transfectants,  only  one  of 
the  two  animals  that  developed  tumors  showed  a  single  metastatic  colony  in  the  lung.  The  presence  of 
additional  microscopic  metastases  in  random  lung  sections  was  not  observed  by  H&E  staining  (data  not 
shown).  These  results  clearly  demonstrate  that  the  expression  of  ILK  in  human  MDA-MB-435  breast 
carcinoma  cells  significantly  suppresses  tumorigenecity  and  metastatic  ability  in  athymic  nude  mice. 

c.  Conclusions 

Growth  inhibitory  functions  of  ILK 

The  present  study  reveals  that  expression  of  ILK  potently  suppresses  the  growth  and  tumorigenecity  of  the 
human  mammary  carcinoma  cells  MDA-MB-435  in  vitro  and  in  vivo.  This  growth  suppression  activity 
requires  a  functional  ILK  protein,  since  expression  of  wild-type  ILK,  but  not  the  ankyrin  repeat  or  the 
catalytic  domain  mutants,  resulted  in  growth  suppression  of  MDA-MB-435  cells.  The  demonstration  of  a 
growth  suppressive  function  suggests  a  possible  role  for  ILK  in  tumor  suppression  and  directly  implicates 
its  loss  in  processes  regulating  the  growth  and  maintenance  of  the  malignant  phenotype  in  human  breast 
cancer.  Our  results  suggest  that  the  growth  suppression  by  ILK  is  not  due  to  apoptosis  but  is  mediated  by 
its  ability  to  block  cell  cycle  progression  at  G1  phase.  During  this  process,  the  neoplastic  cells  cease  to 
proliferate  and  lose  their  ability  to  migrate  through  vitronectin  membranes  and  to  induce  tumor  growth 
and  metastasis  in  nude  mice.  Our  results  are  consistent  with  earlier  micro-cell  mediated  chromosome 
transfer  experiments  showing  that  introduction  of  human  chromosome  1 1  into  MDA-MB-435  cells 
suppressed  metastasis  in  immunocompromised  animals  (28). 

ILK  seems  to  play  a  dual  role  in  the  MDA-MB-435  model  system.  First,  it  regulates  cell-cycle 
progression  at  the  Gl/S  boundaiy  and  second,  it  modulates  the  levels  of  integrins,  transmembrane 
receptors  that  have  been  shown  to  regulate  cell  growth,  survival,  and  differentiation.  Growth  suppressor 
genes  play  an  important  role  in  checkpoint  function  and  silencing  of  genes  associated  with  checkpoint 
functions  seem  to  have  important  implications  in  the  development  of  cancer.  Integrin  signals  are 
necessary  for  cells  to  traverse  the  cell  division  cycle.  Progression  through  the  G1  phase  of  the  cell  cycle 
requires  the  sequential  activation  of  the  cycl in-dependent  kinases  (Cdk’s)  Cdk  4/6  and  Cdk  2  and  the 
activities  of  these  kinases  are  regulated  by  integrins  (29).  In  view  of  our  observation  that  ILK  regulates 
cell-cycle  progression  at  the  G1  phase,  it  is  quite  probable  that  the  integrin  interactions  with  the  Cdk’s  are 
mediated  by  ILK.  ILK  could  interact  with  specific  integrin  cytoplasmic  domains  and  couple  them  to 
appropriate  downstream  signaling  pathways.  This  in  turn  could  regulate  such  functions  as  coordination  of 
growth  factor  signals  and  altering  gene  expression  required  for  cell  proliferation  and  differentiation. 

The  interaction  of  cells  with  the  surrounding  extracellular  matrix  (ECM)  affects  many  aspects  of  cell 
behavior,  including  the  migratory  properties  of  cells,  their  growth,  and  differentiation  (29).  Integrins  are 
transmembrane  heterodimeric  proteins  that  mediate  such  interactions.  The  large  extracellular  part  of  both 
a  and  B  subunits  bind  proteins  within  the  ECM.  The  short  cytoplasmic  domain  of  the  |3  integrin  subunit 
anchors  the  cytoskeleton  to  the  plasma  membrane  via  intermediary  adaptor  proteins.  In  Drosophila  (21), 
ILK  has  been  shown  to  be  a  component  of  the  structure  linking  the  cytoskeleton  and  plasma  membrane  at 
sites  of  integrin-mediated  adhesion.  The  absence  of  ILK  function  in  Drosophila  causes  defects  similar  to 
loss  of  integrin  adhesion.  Similarly,  the  downregulation  of  ILK  expression  in  mammary  epithelial  cells 
could  cause  the  cells  to  become  more  invasive.  Indeed,  as  seen  in  our  present  study,  ILK  overexpression 
in  the  highly  metastatic  breast  cancer  cell  line  MDA-MB-435  causes  the  cells  to  lose  their  tumorigenecity 
and  metastatic  potential.  What  is  the  biological  significance  of  ILK- mediated  regulation  of  the  a5Bl  and 
av(33  integrins?  Previous  studies  have  shown  that  a5Bl  expression  is  frequently  lost  during  malignant 
progression,  a  phenomenon  that  has  been  observed  in  human  colonic,  mammary  and  pancreatic  cancer 
(30,31).  Expression  of  the  a5pi  integrin  in  HT29  human  colon  carcinoma  cells  also  blocks 
tumorigenecity  in  nude  mice  (32).  In  contrast,  the  avp3  integrin  cooperates  with  certain  growth  factors, 
potentiating  their  effects  on  cells  and  its  expression  correlates  with  a  role  in  metastasis.  Indeed, 
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expression  of  integrin  avp3  is  significantly  higher  in  breast  tumors  of  patients  with  metastases  than  in 
those  without  metastasis  and  may  have  a  role  in  skeletal  metastases  (33).  Therefore,  our  observation  that 
ILK  modulates  the  levels  of  a5Bl  and  avp3  integrins  is  very  significant  and  suggests  that  ILK  may  reduce 
the  invasive  potential  of  MDA-MB-435  cells  by  altering  their  integrin  profiles. 

Frequent  down-regulation  and  lack  of  mutations  of  the  ILK  gene  in  breast  carcinoma. 

We  determined  by  Northern  blot  and  immunohistochemical  analysis  that  most  invasive  breast  carcinomas 
exhibit  complete  loss  or  very  low  expression  of  ILK  mRNA  and  protein.  However,  in  our  present  study  , 
we  detected  no  homozygous  deletions  or  intragenic  mutations  in  the  ILK  gene.  Thus,  it  is  likely  that  the 
ILK  gene  is  not  a  target  for  mutations  in  many  cancers,  and  other  mechanisms  for  ILK  down-regulation 
should  be  considered.  ILK  maps  to  chromosome  1  lpl  5.5,  a  region  that  exhibits  a  high  frequency  (40- 
60%)  of  LOH  in  breast  and  other  adult  and  childhood  tumors  (6,13).  It  is  thought  that  LOH  alone  cannot 
completely  suppress  ILK  expression,  as  many  genes  can  be  expressed  monoallelically  (34,35).  Although 
all  breast  tumors  used  in  this  study  were  previously  described  (6)  to  have  LOH  at  1  lpl 5.5,  a  small 
number  of  breast  tumors  still  express  ILK  suggesting  that  ILK  can  be  expressed  monoallelically.  Biallelic 
inactivation  of  the  ILK  gene  could  result  either  from  epigenetic  inactivation  of  both  parental  alleles  or 
from  epigenetic  modification  of  one  allele  and  loss  of  the  second  allele  via  mechanisms  that  result  in 
LOH.  Indeed,  the  pl6/CDKN2  and  the  p!5INK4B  cell  cycle  regulator  genes  are  located  at  a  region  of 
high  LOH  on  chromosome  9p21  and  individual  alleles  in  neoplasia  are  selectively  silenced  by  promoter 
hypermethylation  (36,37).  While  the  Maspin  tumor  suppressor  gene  is  biallelically  inactivated  by  aberrant 
cytosine  methylation  and  heterochromatinization  of  the  promoter  (38  ),  the  down-regulation  of  the  KAI1 
metastasis  gene  involves  neither  mutations  nor  promoter  hypermethylation.  (39,40).  It  has  been  suggested 
that  there  is  a  group  of  tumor  suppressor  genes  that  are  unrecognized  because  the  primary  mechanism  for 
their  silencing  is  not  known.  Such  genes  may  affect  the  cancer  cell  phenotype  by  expression  changes  and 
have  been  classified  as  Class  II  tumor  suppressor  genes  (41).  The  molecular  basis  for  the  down-regulation 
of  the  ILK  tumor  suppressor  gene  in  breast  cancer  is  currently  under  investigation.  The  loss  of  expression 
that  occurs  during  malignant  progression  of  primary  breast  tumors  suggests  that  ILK  has  potential  value 
as  a  prognostic  marker.  Future  studies  should  test  the  prognostic  value  of  ILK  on  a  larger  scale,  in  order  to 
establish  more  firmly  a  correlation  between  loss  of  ILK  expression  and  progression  of  breast  and  other 
cancers. 

The  paradoxical  effect  oilLK  on  tumorigenecity. 

Previous  studies  have  shown  that  ILK  overexpression  results  in  loss  of  cell-cell  adhesion  (42),  promotes 
suppression  of  anoikis  by  activation  of  PKB/Akt  signaling  (43)  and  oncogenic  transformation  of  the  rat 
intestinal  epithelial  cells  by  activation  of  the  LEF-l/fi-catenin  signaling  pathways  (44,45).  In  contrast, 
recent  studies  in  Drosophila  (21)  have  shown  that  ILK  is  required  for  integrin-mediated  adhesion,  but  not 
for  signaling  involving  / 3-catenin  (armadillo)  or  PKB.  ILK  mutations  in  Drosophila  cause  embryonic 
lethality  and  defects  in  muscle  attachment,  and  clones  of  cells  lacking  ILK  in  the  adult  wing  fail  to 
adhere,  forming  wing  blisters.  The  ILK  coding  sequence  is  highly  conserved  in  different  species  (21), 
suggesting  that  it  has  an  essential  biological  function  in  evolution.  We  have  shown  that  transfection  of  the 
MDA-MB-435  mammary  carcinoma  cells  with  the  ILK  gene  reduced  the  cells’  ability  to  induce  tumors 
and  to  invade  through  vitronectin  membranes  in  vitro.  The  down-regulation  of  ILK  in  metastatic  breast 
cancer  cell  lines  and  invasive  breast  tumors  strongly  suggests  that  ILK  might  block  uncontrolled  cell 
growth  in  normal  breast  tissue  and  that  its  absence  may  be  permissive  for  malignant  tumor  growth.  The 
negative  correlation  between  ILK  expression  and  growth  suppression  is  unexpected  when  considered  with 
the  current  concept  that  kinases  are  positively  associated  with  tumorigenesis  (for  example,  c-erB2). 
However,  Lynch  et  al.(46)  have  demonstrated  that  ILK  is  not  a  typical  protein  kinase  and  lacks  a  DFG 
motif  or  a  conserved  substitute  for  the  catalytic  aspartate  residue  found  in  other  kinases  and  they  and 
other  investigators  (47)  have  failed  to  detect  protein  kinase  activity  in  ILK  immunoprecipitates.  Mutations 
in  the  kinase  domain  shown  to  inactivate  the  kinase  activity  of  human  ILK  do  not  show  any  phenotype  in 
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Drosophila  (21),  suggesting  a  kinase  independent  function  for  ILK.  Thus,  it  is  likely  that  the  functions  of 
ILK  are  more  complex  than  previously  envisioned;  and  the  divergent  and  often  paradoxical  effects 
mediated  by  ILK  may  depend  on  the  particular  cell-type,  the  cell-specific  integrins  that  are  activated  by  a 
cell,  and  on  whether  the  adaptor  protein  ILK  activates  a  serine-473  kinase  or  phosphatase. 

In  conclusion,  we  have  shown  that  the  loss  of  ILK  expression  is  associated  with  the  acquisition  of  a 
malignant  breast  tumor  phenotype  and  that  ILK  may  directly  act  as  a  tumor  suppressor,  presumably  by 
controlling  cell  division.  The  absence  of  the  ILK  tumor  suppressor  protein,  may  promote  uncoordinated 
G1  cell  cycle  progression,  allowing  cells  to  bypass  the  normal  signaling  processes  regulated  by  growth 
factors  and  cell  anchorage,  leading  to  tumorigenesis.  This  novel  information  regarding  the  biological 
effects  of  ILK  provides  hopeful  therapeutic  utility  for  this  potent  tumor  suppressor  gene  in  the 
management  of  breast  cancer. 

D.  MATERIALS  AND  METHODS 
Mapping  of  ILK  to  LOH  region  2. 

Two  YAC  clones  (847al2  and  696H10),  a  BAC  clone  (BAC  1760)  and  a  PAC  clone  (PAC1331) 
overlapped  the  LOH  region  2  and  were  used  to  construct  a  genomic  contig  across  this  the  ~336  kb  LOH 
region  2  (Kamik  et  al,  unpublished  results).  The  contig  was  assembled  by  mapping  of  STSs  and 
polymorphic  markers.  ILK  was  mapped  to  this  region  using  the  primers  (5’- 
TGGAACCCT  GA  ACA  A  AC  ACT -3  ’  and  5’-AGTCCCTGCTCTTCCTTGTA-3’). 

Cell  lines  and  cell  cultures. 

MDA-MB-435  is  an  estrogen  receptor-and  progesterone  receptor-negative,  metastatic,  ductal  human 
breast  carcinoma  cell  line  derived  from  a  3 1  year  old  female  (48).  It  has  a  heterogeneous  chromosome 
complement  of  between  50  and  58  chromosomes,  including  several  derivative  marker  chromosomes.  The 
cell  line  readily  forms  tumors  when  injected  into  mammary  fat  pads  (mfp)  of  nude  mice  and  macroscopic 
metastases  to  lungs  and  regional  lymph  nodes  can  be  identified  15-18  weeks  postinoculation.  This  pattern 
closely  parallels  clinical  observations.  Therefore,  this  cell  line  was  chosen  for  our  studies.  MDA-MB-435 
cells  were  the  generous  gift  of  Dr.  Janet  Price  (University  of  Texas  M.D.  Anderson  Cancer  Center, 
Houston,  TX).  Human  breast  cancer  cells  MCF-7,  T47D,  MDA-MB-231,  ZR75-1,  MDA-MB-134,  MDA- 
MB-468  were  obtained  from  the  American  Type  Culture  Collection  (Rockville,  Maryland).  All  human 
breast  cancer  cell  lines  were  maintained  in  DMEM-F12  medium  supplemented  with  10%  fetal  calf  serum 
and  no  antibiotics.  The  neomycin  resistant  ILK  transfectants  were  maintained  in  DMEM-F12  containing 
300  pg/ml  G418  (Life  Technologies  Inc.,  Gaithersburg,  MD).  All  cell  lines  were  free  of  Mycoplasma  sp. 
contamination  as  determined  by  a  PCR-based  test  (Pan  Vera,  Madison,  WI). 

Northern  blotting  and  immunohistochemistry. 

Primary  tumor  and  adjacent  normal  breast  tissue  samples  were  obtained  from  20  randomly  selected  breast 
cancer  patients  undergoing  mastectomy  at  the  Cleveland  Clinic  Foundation  (CCF).  Samples  of  these 
tumors  and  corresponding  non-involved  tissue  from  each  patient  were  collected  at  the  time  of  surgery, 
snap-frozen,  and  transferred  to  -80°C.  Clinical  and  histopathological  features  of  the  tumors  was 
performed  by  the  Pathology  Department  at  CCF.  An  initial  ciyostat  section  was  stained  with  H  and  E 
stain  to  determine  the  proportion  of  contaminating  normal  tissue  in  the  tumor. 

Total  RNA  from  cell  cultures  and  tumor  tissues  was  was  isolated  using  a  RNeasy  Kit®  (Qiagen, 
Chatsworth,  CA).  Total  RNA  (20  pg)  was  size-fractionated  in  a  1%  agarose  gel  containing  2.2  M 
formaldehyde.  After  transfer  and  UV-cross-linking,  the  nylon  membranes  were  probed  with  a  full-length 
32P  labeled  ILK  cDNA.  All  the  immunohistochemical  determinations  were  performed  on  representative 
samples  snap-frozen  in  liquid  nitrogen  and  stored  at  -80°C  until  sectioning.  Cryostat  sections  (4-6  pm 
thick)  of  tumor  blocks  were  deparaffinized  with  xylene,  rehydrated,  and  microwaved  for  10  min.  in  10 
mM  citrate  buffer  (pH  6.0).  MDA-MB-435  cells  were  grown  on  sterile  microscope  cover-slips 
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(Fisherbrand).  The  cover-slips  with  MDA-MB-435  cells  and  slides  containing  tissue  sections  were  fixed 
in  4%parafortnaldehyde  solution  for  12  min.,  washed  in  PBS,  pre-incubated  with  10%  Triton  X-100  in 
PBS  and  incubated  at  room-temperature  with  the  rabbit  polyclonal  IgG  Anti -ILK  (Upstate  Biotechnology, 
Lake  Placid.  NY)  for  1  h.  After  being  washed  with  PBS,  bound  antibodies  were  visualized  using 
rhodamine  conjugated  goat  anti-rabbit  IgG  secondary  antibody.  Sections  were  visualized  by  fluorescence 
microscopy.  The  optimal  concentration  of  primary  and  secondary  antibody  was  determined  by  titration 
and  ranged  from  1 :50-l  :200.  For  negative  controls,  in  all  instances,  we  used  non-specific  IgG  as  the 
primary  antibody. 

Construction  and  transfection  of  wild-type  and  mutant  forms  of  ILK. 

A  partial  ILK  cDNA  clone  (EST  bb36h09.y  1  from  GenBank)  was  used  to  obtain  a  full  length  clone  from 
a  human  placental  cDNA  library  and  its  identity  confirmed  by  sequence  analysis  and  database 
comparison.  The  ILK  catalytic  domain  mutant  E359K  was  created  as  described  earlier  (42).  Briefly, 
mutations  were  introduced  into  wild  type  ILK  cDNA  with  the  Promega  Altered  Sites  II  (Promega,  WI).  A 
mutant  oligomer  (with  the  altered  nucleotide  underlined)  was  used  to  change  glutamic  acid  at  position 
359  to  lysine  (E359— >  K,  5'-CTGCAGAGCTTTGGGGGCTACCCAGGCAGGTG-3').  To  create  the 
ankyrin  repeat  deletion  mutant  A  ANK  (residues  165-451),  the  858  bp  fragment  of  ILK  cDNA  lacking  the 
NH2-terminal  ankyrin  repeat  domain  was  PCR  amplified  from  the  wild  type  ILK  cDNA.  The  mutant 
clones  were  confirmed  by  dideoxy  sequencing.  The  full-length  and  mutant  ILK  cDNA  inserts  were  cloned 
in  the  eukaryotic  expression  vector  pIRES2-EGFP  (Ciontech.  Laboratory,  Inc.).  MDA-MB-435  cells  were 
transfected  with  plasmid  vector  alone  or  containing  the  cDNA  for  ILK  using  LipofectAMINE  reagent 
(Life  Technologies  Inc.).  Briefly,  cells  were  grown  to  -60%  confluence  in  6-cm  tissue  culture  dishes, 
rinsed  twice  with  serum-free  medium,  overlaid  with  a  mixture  of  5  pg  of  DNA  and  10  pi  of 
LipofectAMINE  reagent  diluted  in  serum-free  medium,  and  incubated  at  37°C  in  5%  COo/95%  air  for  18 
h.  The  transfection  medium  was  then  replaced  with  fresh  medium,  and  36  h  later,  the  cells  were  harvested, 
diluted  in  growth  medium  containing  500  pg/ml  G418  and  split  1:30  for  the  selection  and  establishment 
of  clonal  cell  lines. 

Cell  growth  rate,  cell-cycle  analysis  and  apoptosis  assay. 

For  growth  rate  analysis,  untransfected,  vector  transfected  and  ILK  transfected  cells  were  plated  at  a 
density  of  2x1 05  in  DMEM  -FI 2  plus  5%  FBS  medium  in  24  well  cluster  plates.  Viable  and  dead  cells 
were  assessed  by  counting  with  trypan  blue  exclusion  at  day  2,  day  4,  day  6  and  day  8.  Stable  ILK 
transfectants  or  control  cells  were  trypsinized  and  the  cell  numbers  per  dish  were  measured  by  Coulter 
counting  and  also  using  a  hemocytometer. 

Flow  cytometry  was  used  to  determine  the  cell  cycle  distributions  as  described  (25).  ILK  transfected 
and  parental  MDA-MB-435  cells  were  washed  with  PBS  twice  then  fixed  in  70%  ethanol  for  30  minutes 
at  4°C.  The  cells  were  treated  with  1LJ  DNase-free  RNase  in  lml  of  PBS  for  30  minutes  at  37°C,  and 
finally,  resuspended  in  0.05  mg  ml'1  propidium  iodide  (made  as  a  1  OX  stock  in  PBS)  and  cells  were 
analyzed  by  flow  cytometry  using  a  FACScan  model  (Becton  Dickinson).  Ten  thousand  forward  scatter 
gated  events  were  collected  for  each  sample.  Fluorescence  measurements  were  accumulated  to  form  a 
distribution  curve  of  DNA  content.  Fluorescence  events  due  to  debris  were  substracted  before  analysis. 

The  degree  of  apoptosis  in  vector  control  and  ILK  transfected  MDA-MB-435  cells  was  quantified  by 
using  a  commercially  available  kit  with  fluorescein-labeled  annexin  V  (49)  (R  &  D  Systems, 

Minneapolis,  MN)  according  to  the  manufacturer’s  instructions.  Samples  were  analyzed  on  a  Becton 
Dickison  FACScan  flow  cytometer  (a  generous  gift  from  Keck  Foundation). 
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Cell  migration  assay. 

Cell  migration  assays  were  performed  as  described  earlier(50)  using  modified  Boyden  chambers  (tissue 
culture-treated,  6.5  mm  diameter,  10- pm  thickness,  8- pm  pores,  Transwell®;  Costar  Corp.,  Cambridge, 
MA)  containing  polycarbonate  membranes  coated  on  the  underside  of  the  membrane  with  10  pg/tnl 
vitronectin  in  PBS.  The  ILK  transfected  and  control  cells  were  harvested  with  0.05%  Trypsin-EDTA, 
washed  twice  with  quenching  medium  (serum  free  medium  containing  5%  BSA),  and  then  resuspended  in 
quenching  medium  (106  cells/ml).  About  50,000-  100,000  cells  were  then  added  to  the  top  of  each 
migration  chamber  and  allowed  to  migrate  to  the  underside  of  the  top  chamber  for  6  h  at  37°C  in  a  C02 
incubator.  The  nonmigratory  cells  on  the  upper  membrane  were  removed  witha  cotton  swab,  and  the 
migratory  cells  attached  to  the  bottom  surface  of  the  membrane  were  washed  with  PBS,  extracted  with 
300ul  extraction  buffer  and  absorbance  determined  at  560nm.  All  values  have  had  background 
substracted,  which  represents  cell  migration  on  membranes  coated  with  BSA  (1%).  Each  determination 
represents  the  average  of  three  individual  wells,  and  error  bars  represent  the  standard  deviation  (SD). 

Analysis  of  cell  surface  integrin  profiles. 

Fluorescence-activated  cell  analysis  (51)  was  used  to  identify  the  integrin  profiles  on  MDA-MB-435  cells 
in  response  to  ILK  expression.  Monolayer  cultures  (60-80%  confluency)  ILK  transfected  and  control  cells 
were  trypsinized  and  washed  in  culture  medium.  Briefly,  harvested  cellswere  divided  into  equal  aliquots 
of  2.5x1 05  cells/ml  in  serum  free  medium  plus  1%  BSA.  After  two  washes  in  this  medium  the  cells  were 
resuspended  in  1:50  dilution  of  anti-  avp3  or  a5pi  specific  antibody  (Chemicon)in  serum-free  medium 
plus  1%  BSA  for  lh  on  ice.  After  two  washes  in  serum-free  medium  plus  1%  BSA,  the  cells  were 
incubated  in  1 : 1  OOdilution  of  F(ab’)2  secondary  anti-goat  antibody  conjugated  with  FITC  (ICN 
Biomedicals)  in  this  same  medium  for  lh  on  ice.  The  cells  were  washed  twice  in  PBS/  0.1%BSA  and 
resuspended  in  the  same  solution.  These  samples  were  then  analyzed  using  a  Becton  Dickinson  FACScan 
and  the  data  analyzed  using  the  CellQuest  software. 

Tumorigenecity  and  metastasis  assays. 

Cells  (106)  were  injected  into  the  subaxillary  mammary  fat  pads  of  4-6  week-old  female  athymic  nude 
mice  Ncr  nu/nu  (10-12  mice/group;  Taconic  Labs,  Germantown,  NY)  as  described  (52).  Mice  were 
maintained  under  the  guidelines  of  NIH  and  the  Cleveland  Clinic  Foundation.  All  protocols  were 
approved  and  monitered  by  the  the  Institutional  Animal  Care  and  Use  Committee.  Food  and  water  were 
provided  ad  libitum.  Tumors  were  monitered  weekly  after  inoculation.  When  the  mean  tumor  diameter 
reached  1.0- 1.3  cm,  primary  tumors  were  surgically  removed  under  Ketaset-Rompun  anesthetic.  Mice 
were  then  maintained  for  an  additional  4  weeks  to  allow  further  growth  of  lung  metastases.  After 
euthanasia,  all  organs  were  checked  for  metastases. 

E.  Key  Research  Accomplishments: 

•  Chromosome  1 1  harbors  a  breast  cancer  metastasis  suppressor  gene 

•  Integrin  linked  kinase  (ILK)  is  a  key  candidate  gene  that  maps  to  this  region 

•  ILK  expression  is  downregulated  in  breast  carcinomas  that  metastasize 

•  ILK  expression  inhibits  the  growth  of  the  metastatic  breast  cancer  cell  line  MDA-MB-435  both  in 
vitro  and  in  vivo. 

These  data  suggest  that  ILK  functions  as  a  metastasis  suppressor  gene  in  breast  cancer 
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F.  Reportable  Outcomes: 

•  ILK  expressing  breast  cancer  cell  lines 

•  Nude  mouse  model  of  breast  cancer  with  and  without  ILK  expression 

•  Chen  P,  Shen  W-Z,  and  Karnik,P.  Suppression  of  Malignant  Growth  of  Human  Breast  Cancer  Cells 
by  Ectopic  Expression  of  Integrin-Linked  Kinase.  International  Journal  of  Cancer  (Oct  10th  2004). 
Preprint  included  in  Appendix 

•  Karnik  P,  Chen  P,  Tidwell  N  and  Shen  W-Z.  Integrin-Linked  Kinase  Suppresses  Malignant  Growth 
of  Human  Breast  Cancer  Cells.  Cancer  Genetics  and  Tumor  Suppressor  Genes  Meeting,  Cold  Spring 
Harbor,  2002 

•  Karnik  P,  Chen  P,  Tidwell  N  and  Shen  W-Z.  Identification  of  breast  cancer  associated  genes  on 
chromosome  1 1 .  Cancer  Genetics  and  Tumor  Suppressor  Genes  Meeting,  Cold  Spring  Harbor,  2000 

•  Karnik  P,  Chen  P,  Tidwell  N  and  Shen  W-Z.  Suppression  of  Malignant  Growth  of  Human  Breast 
Cancer  Cells  by  ectopic  expression  of  Integrin-Linked  Kinase  “Era  of  Hope”,  Department  of  Defense 
Breast  Cancer  Research  Program  Meeting,  August  2002,  Orlando,  Florida 
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H.  Figure  Legends: 

Figure-1:  Localization  of  ILK  gene  to  the  tumor  suppressor  region  (LOH  region  2)  on  chromosome 
1 1  pi  5.5.  A  transcript  map  of  the  LOH  region  is  schematically  represented  with  the  relative  location  of  the 
polymorphic  markers,  known  genes,  unigene  clusters  and  expressed  sequence  tags  (EST’s). 

Figure-2:  Northern  blot  analysis  of  ILK  mRNA  expression.  (A)  Total  RNA  was  isolated  from  normal 
breast  tissue  (Nl,  N7,  N8),  and  fifteen  invasive  breast  tumors  (T1  to  T15).  B)  Total  RNA  from 
exponentially  growing  non-malignant  (MCF-10A),  non-metastatic  (MCF-7,  T47D,  ZR75.1,  MDA-468 
and  MDA-134)  and  metastatic  (MDA-435,  MDA-231)  breast  cancer  cell  lines  and  normal  breast  tissue 
(N7,  N8)  was  hybridized  with  3"P-labelecl  ILK  probe.  Hybridization  with  the  p-actin  probe  serves  as 
control. 

Figure-3:  Immunohistochemical  detection  of  ILK  expression  in  normal  breast  tissues  (3N,  12N,  6N,  ION) 
and  corresponding  invasive  ductal  carcinomas  (3T,  12T,  6T,  10T).  Normal  ducts  were  positive  for  ILK 
expression  whereas  the  invasive  ductal  carcinomas  expressed  little  or  no  ILK.  Control-Normal  tissue 
minus  primary  antibody. 

Figure-4:  MDA-MB-435  cells  were  transfected  with  plRES-EGFP  vector  containing  full  length  ILK 
cDNA  and  four  stable  clones  were  isolated.  (A)  Immunohistochemical  analysis  of  ILK  expression  in  the 
MDA-MB-435  cells  (b)  before  and  (c)  after  transfection  (stable  clone  TR5 -ILK)  (a)  no  primary  antibody 
control.  (B)  Northern  blot  analysis  of  parental  (UT)  and  ILK  transfected  MDA-MB-435  cells.  TR2,  3,  4 
and  5  represent  stable  ILK  expressing  clones.  mRNA  expression  was  determined  by  hybridization  with 
32P-labeled  ILK  probe,  p-actin  expression  serves  as  control. 

Figure-5:  Growth  effects  of  wild  type  and  mutant  alleles  of  ILK  in  MDA-MB-435  breast  cancer  cells. 

The  MDA-MB-435  cells  were  transfected  with  either  full-length  ILK  cDNA,  ILK  mutant  AANK,  ILK 
mutant  E359K  or  eukaryotic  expression  vector  and  stable  clones  were  obtained.  (A)  Growth  rates  of  two 
stable  ILK  expressing  MDA-MB-435  cell  clones  (TR3-/ZA  and  TR5 -ILK)  that  contain  full  length  ILK 
cDNA  compared  with  a  stable  clone  containing  empty  vector  (VT)  and  untransfected  MDA-MB-435  cells 
(UT).  (B)  Growth  rates  of  ILK  mutants  AANK  and  E359K  compared  with  the  wild  type  ILK  expressing 
clone  TR5 -ILK.  The  means  of  three  independent  experiments  are  shown.  Bars  represent  SE.  (C)  Cell- 
cycle  analysis  by  propidium  iodide  staining  in  MDA-MB-435  cells  (UT),  transfected  with  empty  vector 
(VT),  with  full  length  ILK  cDNA  ( TR5-ILK)  or  with  the  ILK  mutants  AANK  and  E359K.  The  regions 
between  the  vertical  lines  from  left  to  right  represent  cells  in  G0/G1,  S  and  G2/M  respectively. 

Figure-6:  Cell  invasion  assay  of  MDA-MB-435  cells  transfected  with  vector  (VT),  full  length  ILK  and  its 
variants  (AANK,  E359K).  Cell  invasion  through  vitronectin  was  analyzed  using  a  modified  Boyden 
chamber.  Cells  that  invaded  to  the  lower  surface  of  the  membrane  were  lyzed  and  absorbance  determined 
at  560  nm.  (B)  Flow  cytometric  analysis  of  <x5pi  and  avp3  integrins  expressed  on  the  surface  of  ILK 
transfected  and  parental  MDA-MB-435  cells.  The  relative  fluorescence  intensity  of  cells  stained  with 
a5pi  and  avP3  antibodies  is  represented  as  percentage  of  cell  shift.  Bars  represent  S.E. 

Figurc-7:  (A)  In  vivo  tumor  growth  of  ILK  transfected  (-  )  and  vector  transfected  (  )  MDA-MB-435 
cells  in  mammary  fat  pads  of  athymic  nude  mice.  Each  point  represents  the  mean  +  SE  of  tumors.  (B) 

Five  x  105  cells  of  ILK  transfected  (top  panel)  or  vector  transfected  (bottom  panel)  MDA-MB-435  cells 
were  injected  s.c.  into  the  mammary  fat  pad  area  below  the  nipple.  Tumors  were  allowed  to  grow  for  15 
weeks  at  which  time  the  mice  were  photographed  and  sacrificed.  (C)  Lung  colony  formation  in  athymic 
nude  mice  injected  with  vector  transfected  (VT)  or  ILK  transfected  (ILK)  MDA-MB-435  cells.  Bars 
represent  S.E. 
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A  model  for  the  role  of  SLK  in  metastasis 
of  human  breast  cancer  cells  MDA  -  MB  -  435 
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Allelic  loss  at  the  short  arm  of  chromosome  1 1  is  one  of 
the  most  common  and  potent  events  in  the  progression  and 
metastasis  of  breast  cancer.  Here,  we  present  evidence  that 
the  Integrin-Linked  Kinase  (ILK)  gene  maps  to  the  commonly 
deleted  chromosome  1 1  pi  5. 5  and  suppresses  malignant 
growth  of  human  breast  cancer  cells  both  in  vitro  and  in  vivo. 
ILK  is  expressed  in  normal  breast  tissue  but  is  downregulated 
in  metastatic  breast  cancer  cell  lines  and  in  advanced  breast 
cancers.  Transfection  of  wild-type  ILK  into  the  MDA-MB-435 
mammary  carcinoma  cells  potently  suppressed  their  growth 
and  invasiveness  in  vitro  and  reduced  the  cells’  ability  to 
induce  tumors  and  metastasize  in  athymic  nude  mice.  Con¬ 
versely,  expression  of  the  ankyrin  repeat  or  catalytic  domain 
mutants  of  ILK  failed  to  suppress  the  growth  of  these  cells. 
Growth  suppression  by  ILK  is  not  due  to  apoptosis  but  is 
mediated  by  its  ability  to  block  cell-cycle  progression  in  the 
Gl  phase  and  by  modulating  the  levels  of  integrins.  These 
findings  directly  demonstrate  that  ILK  deficiency  facilitates 
neoplastic  growth  and  invasion  and  suggest  a  novel  role  for 
the  ILK  gene  in  the  suppression  of  tumor  metastasis. 

©  2004  Wiley-Liss,  Inc. 
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Genetic  alterations  that  occur  in  breast  cancer  are  believed  to  be 
of  importance  for  initiation  as  well  as  progression  of  the  disease. 
These  genetic  alterations  lead  to  the  loss  or  activation  of  a  number 
of  critical  genes,  such  as  those  involved  in  cell  proliferation, 
differentiation,  apoptosis  and  genetic  stability.  The  genetic  abnor¬ 
malities  most  frequently  observed  in  breast  tumors  are  amplifica¬ 
tion  of  proto-oncogenes  (MYC,  ERBB2  and  CCND1),  mutations  of 
TP53  and  loss  of  heterozygosity  (LOH)  on  chromosomes  3p,  6q, 
7q,  8p,  9p,  1 1. 13q,  17, 18q  and  22q.'-2  Metastatic  phenotypes  have 
been  linked  to  such  genes  as  NME1  (17q),  CDHI  (16q),  BRMS1 
( 1 1  q )  and  KISS1  (lq).1-3-5  LOH  analyses  have  defined  regions  of 
deletion  associated  with  metastasis  on  chromosomes  3p21,  15ql4. 
16q22  and  1  lpl 5.2-6 

Frequent  genetic  alterations  on  chromosome  lip  15  suggest  a 
crucial  role  for  this  region  in  breast6-7  and  other  adult8-'5  and 
childhood  cancers.13-17  More  recently,  we  have  mapped  2  distinct 
regions  on  chromosome  lip  15.5  that  arc  subject  to  LOH  during 
breast  tumor  progression  and  metastasis.6  LOH  at  region  1  corre¬ 
lated  with  tumors  that  contain  ductal  carcinoma  in  situ,  suggesting 
that  the  loss  of  a  critical  gene  in  this  region  may  be  responsible  for 
early  events  in  malignancy.  LOH  at  region  2  correlated  with  a 
more  aggressive  tumor  and  an  ominous  outlook  for  the  patient, 
such  as  aneuploidy,  high  S-phase  fraction  and  the  presence  of 
metastasis  in  regional  lymph  nodes.  Although  considerable  ad¬ 
vances  have  been  made  in  the  fine-mapping  of  chromosome 
llpl5.5,  the  tumor/metastasis  suppressor  gene(s)  encoded  by  this 
region  has  evaded  identification. 

Integrin-linked  kinase  (ILK)  is  an  intriguing  serine/threonine 
kinase  that  has  been  implicated  in  integrin-,  growth-factor-  and 
Wilt-signaling  pathways.18  It  binds  to  the  cytoplasmic  domains  of 
(31  and  (33  integrins  and  mediates  the  downstream  signaling  events 
in  integrin  function.19  Interactions  between  integrins  and  their 
ligands  arc  involved  in  the  regulation  of  many  cellular  functions, 
including  embryonic  development,  cell  proliferation,  tumor 
growth  and  the  ability  to  metastasize.20  In  Drosophila ,  the  absence 
of  ILK  function  causes  defects  similar  to  loss  of  integrin  adhesion. 


and  ILK  mutations  cause  embryonic  lethality  and  defects  in  muscle 
attachment.21  Although  ILK  maps  to  the  commonly  deleted  chro¬ 
mosome  1  lp,  the  potential  of  this  gene  in  tumor/metastasis  sup¬ 
pression  has  not  been  evaluated.  We  have  therefore  analyzed  the 
effect  of  ILK  expression  on  the  in  vitro  and  in  vivo  tumor  growth 
and  invasion  of  human  mammary  carcinoma  cells. 


MATERIAL  AND  METHODS 
Mapping  of  ILK  to  LOH  region  2 

Two  YAC  clones  (847al2  and  696H10).  a  BAC  clone  (BAC 
1760)  and  a  PAC  clone  (PAC1331)  overlapped  the  LOH  region  2 
and  were  used  to  construct  a  genomic  contig  across  this  the  approx. 
336  kb  LOH  region  2  (data  not  shown).  The  contig  was  assembled 
by  mapping  of  STSs  and  polymorphic  markers.  ILK  was  mapped 
to  this  reaion  using  the  primers  (5'-TGGAACCCTGAACAAA- 
C ACT-3'  and  5'-AGTCCCTGCTCTTCCTTGTA-3'). 

Cel I  lines  and  cell  cultures 

MDA-MB-435  is  an  estrogen  receptor-  and  progesterone  recep¬ 
tor-negative.  metastatic,  ductal  human  breast  carcinoma  cell  line 
derived  from  a  31-year-old  female.22  It  has  a  heterogeneous  chro¬ 
mosome  complement  of  from  50-58  chromosomes,  including 
several  derivative  marker  chromosomes.  The  cell  line  readily 
forms  tumors  when  injected  into  mammary  fat  pads  (mfp)  of  nude 
mice,  and  macroscopic  metastases  to  lungs  and  regional  lymph 
nodes  can  be  identified  15-18  weeks  postinoculation.  This  pattern 
closely  parallels  clinical  observations.  Therefore,  this  cell  line  was 
chosen  for  our  studies.  MDA-MB-435  cells  were  the  generous  gift 
of  Dr.  Janet  Price  (University  of  Texas  M.D.  Anderson  Cancer 
Center.  Houston,  TX).  Human  breast  cancer  cells  MCF-7,  T47D, 
MDA-MB-231.  ZR75-1,  MDA-MB-134,  MDA-MB-46S  were  ob¬ 
tained  from  the  American  Type  Culture  Collection  (Rockville, 
MD).  All  human  breast  cancer  cell  lines  were  maintained  in 
DMEM-F12  medium  supplemented  with  10%  fetal  calf  serum  and 
no  antibiotics.  The  neomycin-resistant  ILK  transfectants  were 
maintained  in  DMEM-F12  containing  300  p.g/ml  G418  (Life 
Technologies.  Gaithersburg,  MD).  All  cell  lines  were  free  of 
Mycoplasma  sp.  contamination  as  determined  by  a  PCR-bascd  test 
(Pan  Vera.  Madison,  WI). 

Northern  blotting,  inmnmoblotting  and  immunohistocheinistry 

Primary  tumor  and  adjacent  normal  breast  tissue  samples  were 
obtained  from  breast  cancer  patients  undergoing  mastectomy  at  the 
Cleveland  Clinic  Foundation  (CCF).  All  tumor  samples  described 
in  this  article  were  determined  to  contain  LOH  at  1  lp  1 5 .5  region. 
Samples  of  these  tumors  and  corresponding  noninvolved  tissue 
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from  each  patient  were  collected  at  the  time  of  surgery,  snap- 
frozen  and  transferred  to  -80°C.  Clinical  and  histopathologic 
features  of  the  tumors  were  determined  by  the  Pathology  Depart¬ 
ment  at  CCF.  An  initial  ciyostat  section  was  stained  with  H&E  to 
determine  the  proportion  of  contaminating  normal  tissue  in  the 
tumor. 

Total  RNA  from  cell  cultures  and  tumor  tissues  was  isolated 
using  an  RNeasy  Kit®  (Qiagen,  Chatsworth,  CA).  Total  RNA  (20 
p.g)  was  size-fractionated  in  a  1%  agarose  gel  containing  2.2  M 
formaldehyde.  After  transfer  and  UV-cross-linking.  the  nylon 
membranes  were  probed  with  a  full-length  32P-labeled  ILK  cDNA. 
The  band  intensities  on  autoradiographs  were  quantitated  by  den¬ 
sitometry  within  linear  range  of  signal  and  normalized  to  ribo- 
somal  18S  RNA  levels.  All  the  immunohistochemical  determina¬ 
tions  were  performed  on  representative  samples  snap-frozen  in 
liquid  nitrogen  and  stored  at  -80°C  until  sectioning.  Ciyostat 
sections  (4-6  |xm  thick)  of  tumor  blocks  were  deparaffinized  with 
xylene,  rehydrated  and  microwaved  for  10  min  in  10  mM  citrate 
buffer  (pH  6.0).  MDA-MB-435  cells  were  grown  on  sterile  mi¬ 
croscope  coverslips  (Fisher  Diagnostics,  Middletown,  VA).  The 
coverslips  with  MDA-MB-435  cells  and  slides  containing  tissue 
sections  were  fixed  in  4%  paraformaldehyde  solution  for  12  min, 
washed  in  PBS,  preincubated  with  10%  Triton  X-100  in  PBS  and 
incubated  at  room  temperature  with  an  affinity-purified  rabbit 
polyclonal  Anti-ILK  IgG  preparation  (Upstate  Biotechnology, 
Lake  Placid,  NY)  for  1  hr.  After  being  washed  with  PBS,  bound 
antibodies  were  visualized  using  rhodamine-conjugated  goat  anti¬ 
rabbit  IgG  secondary  antibody.  Sections  were  visualized  by  fluo¬ 
rescence  microscopy.  The  optimal  concentration  of  primary  and 
secondary  antibody  was  determined  by  titration  and  ranged  from 
1:50-1:200.  For  negative  controls,  in  all  instances,  we  used  non¬ 
specific  IgG  as  the  primary  antibody. 

For  ILK  immunoblotting.  5  pg  of  whole  cell  lysates  (1%  N-40. 
0.5%  deoxycholate)  were  separated  by  10%  SDS-PAGE,  trans¬ 
ferred  to  nylon  membrane  (PVDF,  BioRad,  Hercules,  CA)  and 
probed  with  an  affinity-purified  rabbit  polyclonal  Anti-ILK  anti¬ 
body. 

Construction  and  transfection  of  wild-type  and  mutant  forms  of 
ILK 

A  partial  ILK  cDNA  clone  (EST  bb36h09.yl,  Invitrogen  Corp., 
Carlsbad,  CA)  was  used  to  obtain  a  full-length  clone  from  a  human 
placental  cDNA  library  and  its  identity  confirmed  by  sequence 
analysis  and  database  comparison.  The  ILK  catalytic  domain  mu¬ 
tant  E359K  was  created  as  described  earlier.' 8  Briefly,  mutations 
were  introduced  into  wild-type  ILK  cDNA  with  the  Promega 
Altered  Sites  II  (Promega,  Madison.  WI).  A  mutant  oligomer  (with 
the  altered  nucleotide  underlined)  was  used  to  change  glutamic 
acid  at  position  359  to  lysine  (E359K.  5'-CTGCAGAGCTTT- 
GGGGGCTACCCAGGCAGGTG-3')-  To  create  the  ankyrin  re¬ 
peat  deletion  mutant  A  ANK  (residues  165-451),  the  858  bp 
fragment  of  ILK  cDNA  lacking  the  NH2-terminal  ankyrin  repeat 
domain  was  PCR  amplified  from  the  wild-type  ILK  cDNA.  The 
mutant  clones  were  confirmed  by  dideoxy  sequencing.  The  full- 
length  and  mutant  ILK  cDNA  inserts  were  cloned  in  the  eukaryotic 
expression  vector  pIRES2-EGFP  (Clontech.  Palo  Alto.  CA). 
MDA-MB-435  cells  were  transfected  with  plasmid  vector  alone  or 
containing  the  cDNA  for  ILK  using  LipofectAMINE  reagent  (Life 
Technologies).  Briefly,  cells  were  grown  to  approx.  60%  conflu¬ 
ence  in  6  cm  tissue  culture  dishes,  rinsed  twice  with  serum-free 
medium,  overlaid  with  a  mixture  of  5  pg  of  DNA  and  10  pi  of 
LipofectAMINE  reagent  diluted  in  serum-free  medium  and  incu¬ 
bated  at  37°C  in  5%  CO,/95%  air  for  18  hr.  The  transfection 
medium  was  then  replaced  with  fresh  medium,  and  36  hr  later,  the 
cells  were  harvested,  diluted  in  growth  medium  containing  500 
pg/ml  G418  and  split  1:30  for  the  selection  and  establishment  of 
clonal  cell  lines. 


Figure  1  -  Localization  of  ILK  gene  to  the  tumor  suppressor  region 
(LOH  region  2)  on  chromosome  1  lpl5.5.  A  transcript  map  of  the  LOH 
region  is  schematically  represented  with  the  relative  location  of  the 
polymorphic  markers,  known  genes,  unigene  clusters  and  expressed 
sequence  tags  (ESTs). 


Cell  growth  rate,  cell-cycle  analysis  and  apoptosis  assay 

For  growth  rate  analysis,  untransfected,  vector  transfected  and 
ILK  transfected  cells  were  plated  at  a  density  of  2  X  105  in 
DMEM-F12  plus  5%  FBS  medium  in  24-well  cluster  plates.  Vi¬ 
able  and  dead  cells  were  assessed  by  counting  with  Trypan  blue 
exclusion  at  Day  2.  Day  4,  Day  6  and  Day  8.  Stable  ILK  trans- 
fectants  or  control  cells  were  trypsinized,  and  the  cell  numbers  pet- 
dish  were  measured  by  Coulter  counting  and  also  by  using  a 
hemocytometer. 

Flow  cytometry  was  used  to  determine  the  cell-cycle  distribu¬ 
tions  as  described,23  ILK  transfected  and  parental  MDA-MB-435 
cells  were  washed  with  PBS  twice,  then  fixed  in  70%  ethanol  for 
30  min  at  4°C.  The  cells  were  treated  with  1  U  DNase-free  RNase 
in  1  ml  of  PBS  for  30  min  at  37°C  and  finally  resuspended  in  0.05 
mg  ml  propidium  iodide  (made  as  a  10X  stock  in  PBS).  Cells  were 
analyzed  by  flow  cytometry  using  a  FACScan  model  (Bccton 
Dickenson.  San  Jose,  CA).  Ten  thousand  forward  scatter-gated 
events  were  collected  for  each  sample.  Fluorescence  measure¬ 
ments  were  accumulated  to  form  a  distribution  curve  of  DNA 
content.  Fluorescence  events  due  to  debris  were  subtracted  before 
analysis. 

The  degree  of  apoptosis  in  vector  control  and  ILK  transfected 
MDA-MB-435  cells  was  quantified  by  using  a  commercially  avail¬ 
able  kit  with  fluorescein-labeled  annexin  V24  (R  &  D  Systems, 
Minneapolis,  MN).  according  to  the  manufacturer’s  instructions. 
Samples  were  analyzed  on  a  Becton  Dickinson  FACScan  flow 
cytometer  (a  generous  gift  from  Keck  Foundation). 

Cell  migration  assay 

Cell  migration  assays  were  performed  as  described  earlier25 
using  modified  Boyden  chambers  (tissue  culture-treated,  6.5  mm 
diameter,  10  pm  thickness,  8  pm  pores,  Transwell®;  Costar, 
Cambridge,  MA)  containing  polycarbonate  membranes  coated  on 
the  underside  of  the  membrane  with  10  pg/ml  vitronectin  in  PBS. 
The  ILK  transfected  and  control  cells  were  harvested  with  0.05% 
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Figurf.  2  -  Representative  Northern  blot,  densitometric  quantitation  of  the  ratio  of  ILK  mRNA  to  ribosomal  18S  RNA  and  Western  blot  of 
ILK  protein  expression,  (a)  Total  RNA  was  isolated  from  normal  breast  tissue  (N 1 )  and  7  invasive  breast  tumors  (T1-T7).  (b)  Total  RNA  from 
exponentially  growing  nonmalignant  (MCF-10A),  nonmetastatic  (MCF-7,  T47D,  ZR75.1,  MDA-468  and  MDA-134)  and  metastatic  (MDA-435. 
MDA-231)  breast  cancer  cell  lines  and  normal  breast  tissue  (N7,  N8)  were  hybridized  with  32P-labeled  ILK  or  18S  rRNA  probe.  TR5-ILK 
represents  the  ILK  transfected  MDA-MB-435  cell  line,  (c)  ILK  protein  expression  was  determined  in  the  whole  cell  lysates  of  normal  (Nl)  and 
tumor  (T1-T7)  breast  cell  lines. 


Trypsin-EDTA,  washed  twice  with  quenching  medium  (serum- 
free  medium  containing  5%  BSA)  and  then  resuspended  in 
quenching  medium  (10®  cells/ml).  About  50,000-100,000  cells 
were  then  added  to  the  top  of  each  migration  chamber  and  allowed 
to  migrate  to  the  underside  of  the  top  chamber  for  6  hr  at  37®C  in 
a  C02  incubator.  The  nonmigratory  cells  on  the  upper  membrane 
were  removed  with  a  cotton  swab,  and  the  migratory  cells  attached 
to  the  bottom  surface  of  the  membrane  were  washed  with  PBS, 
extracted  with  300  p.1  extraction  buffer  and  absorbance  determined 
at  560  nm.  All  values  have  had  background  subtracted,  which 
represents  cell  migration  on  membranes  coated  with  BSA  (1%). 
Each  determination  represents  the  average  of  3  individual  wells, 
and  error  bar's  represent  the  standard  deviation  (SD). 

Analysis  of  cell  surface  integrin  profiles 

Fluorescence-activated  cell  analysis26  was  used  to  identify  the 
integrin  profiles  on  MDA-MB-435  cells  in  response  to  ILK  ex¬ 
pression.  Monolayer  cultures  (60-80%  confluence)  ILK  trans¬ 
fected  and  control  cells  were  trypsinized  and  washed  in  culture 
medium.  Briefly,  harvested  cells  were  divided  into  equal  aliquots 
of  2.5  X  105  cells/ml  in  serum-free  medium  plus  1%  BSA.  After 
2  washes  in  this  medium,  the  cells  were  resuspended  in  1:50 
dilution  of  anti-  av(33  or  a5|31  specific  antibody  (Chemicon, 
Temecula,  CA)  in  serum-free  medium  plus  1%  BSA  for  1  hr  on 
icc.  After  2  washes  in  serum-free  medium  plus  1%  BSA,  the  cells 
were  incubated  in  1:100  dilution  of  F(ab'),  secondary  anti-goat 
antibody  conjugated  with  FITC  (ICN  Biomedicals,  Irvine,  CA)  in 
this  same  medium  for  1  hr  on  ice.  The  cells  were  washed  twice  in 


PBS/0.1%  BSA  and  resuspended  in  the  same  solution.  These 
samples  were  then  analyzed  using  a  Bccton  Dickinson  FACScan 
and  the  data  analyzed  using  the  CellQuest  Software. 

Tumorigenicity  and  metastasis  assays 
Cells  (106)  were  injected  into  the  subaxillary  mammary  fat  pads 
of  4-6-weck-old  female  athymic  nude  mice  Ncr  nu/nu  (10-12 
mice/group;  Taconic  Labs,  Germantown,  NY)  as  described,27 
Mice  were  maintained  under  the  guidelines  of  NIH  and  the  Cleve¬ 
land  Clinic  Foundation.  All  protocols  were  approved  and  moni¬ 
tored  by  the  Institutional  Animal  Care  and  Use  Committee.  Food 
and  water  were  provided  ad  libitum.  Tumors  were  monitored 
weekly  after  inoculation.  When  the  mean  tumor  diameter  reached 
1.0-1. 3  cm.  primary  tumors  were  surgically  removed  under  Keta- 
set-Rompun  anesthetic.  Mice  were  then  maintained  for  an  addi¬ 
tional  4  weeks  to  allow  further  growth  of  lung  metastascs.  After 
euthanasia,  all  organs  were  checked  for  metastases. 

RESULTS 

Localization  o/ILK  to  the  LOH  region  on  chromosome  llpl5.5 
The  LOH  region  2  extends  between  the  markers  D11S1760  and 
D11S1331  on  chromosomal  band  llpl5.5  (Fig.  1).S  We  con¬ 
structed  a  500  kb  genomic  contig  (data  not  shown)  that  includes 
the  critical  region  between  DUS  1760  and  D11S1331.  Using  a 
PCR-based  screening  method,  we  initially  isolated  PAC  and  BAC 
clones  that  contained  D 1 1 S 1760  and  D1  IS  1331  markers.  The 
order  of  the  genomic  clones  in  the  contig  was  confirmed  by 
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mapping  of  STSs,  ESTs,  unigene  clusters  and  known  genes  that 
were  previously  mapped  to  chromosome  11.  Eleven  novel  tran¬ 
scripts  and  7  previously  reported  genes  were  PCR-mapped  to  the 
critical  region  between  D1  IS  1760  and  D1  IS  1331.  Three  of  the 
known  genes.  Tata  box-binding  protein-associated  protein  (TAF II 
30),2X  Lysosomal  pepstatin  insensitive  protease  ( CLN2 )29  and  In- 
tegrin-linked  kinase  (ILK)20  were  previously  mapped  only  at  the 
level  of  cytogenetic  resolution.  However,  with  the  current  mapping 
data,  we  have  been  able  to  determine  the  precise  genomic  locations 
of  these  3  genes  (Fig.  1).  ILK  and  TAF  II 30  arc  known  to  be  in  an 
overlapping  transcription  unit  in  a  head-to-tail  arrangement.  The 
map  location  and  its  role  in  multiple  signaling  pathways  make  ILK 
an  attractive  candidate  tumor/metastasis-suppressor  gene. 

Loss  of  ILK  expression  in  human  breast  carcinomas 

To  determine  whether  ILK  has  a  role  in  breast  cancer  progres¬ 
sion,  mRNA  expression  in  normal  and  tumor  breast  epithelial  cells 
was  compared  by  Northern  blot  hybridization  and  densitometry 
quantitation  normalized  to  ribosomal  18S  RNA  (Fig.  2).  A  single 
1.8  kb  ILK  mRNA  is  highly  expressed  in  all  samples  of  normal 
breast  epithelial  cells.  A  representative  example  is  shown  in  Figure 
2  (Nl).  In  sharp  contrast,  there  is  either  complete  loss  or  significant 
downregulation  of  ILK  mRNA  expression  in  invasive  breast  tu¬ 
mors  (Fig.  2a).  Comparison  of  ILK  mRNA  expression  in  a  panel  of 
well-characterized  breast  cancer  cell  lines  and  in  the  nonmalignant 
breast  epithelial  cell  line  MCF-10A  is  shown  in  Figure  2b.  ILK 
mRNA  expression  in  MCF-10A  is  comparable  to  the  expression  in 
normal  breast  tissue  (N7,  N8)  (Fig.  2b).  However,  there  is  a  2-5 
fold  downregulation  of  ILK  mRNA  expression  in  the  breast  cancer 
cell  lines  MCF-7,  T47D,  ZR75.1,  MDA-468.  MDA-134,  MDA- 
231  and  MDA-435  (Fig.  2li).  Immunoblot  analysis  (Fig.  2cl  indi¬ 
cates  that  the  differences  at  the  RNA  levels  are  translated  to 
differences  at  the  protein  level.  The  amount  of  immunoprccipitablc 
ILK  from  NP-40  lysates  was  barely  visible  in  5  of  7  tumor  samples 
compared  to  normal  breast  tissue. 

To  further  confirm  these  observations,  ILK  protein  expression 
was  also  examined  using  indirect  immunofluorescence  microscopy 
in  frozen  samples  of  20  normal  and  corresponding  pathologic 
human  breast  tissue  samples.  Figure  3  shows  4  representative 
examples.  Immunohistochemical  staining  of  normal  breast  tissue 
with  ILK-spccific  primary  antibody  and  rhodamine-labcled  sec¬ 
ondary  antibody  shows  specific  staining  of  the  mammary  epithelial 
cells  surrounding  the  lumen  in  normal  breast  tissue  from  breast 
cancer  patients.  ILK  expression  is  particularly  intense  in  epithelial 
cells  both  within  large  ducts  and  within  terminal  duct  lobular  units 
but  not  in  the  stromal  compartment.  Incubation  with  purified 
nonspecific  rabbit  immunoglobulin  IgG  did  not  result  in  any  pos¬ 
itive  staining  of  the  normal  epithelium  of  the  breast  (control).  The 
normal  breast  tissue  from  4  representative  patients  were  positive 
(3N.  12N,  6N  and  ION),  whereas  ILK  expression  was  nearly 
completely  lost  in  the  4  corresponding  infiltrating  ductal  carcino¬ 
mas  (3T,  12T,  6T,  10T)  (Fig.  3).  These  data  show  that  ILK 
production  by  breast  tumor  cells  correlates  inversely  with  tumor- 
igenicity  and  metastatic  potential. 

We  observed  a  striking  clinical  correlation  between  loss  of  ILK 
expression  in  breast  tumors  and  lymphatic  invasion  (data  not 
shown).  These  tumors  revealed  a  significantly  higher  incidence  of 
metastasis  to  regional  lymph  nodes  ( p  =  0.01)  than  tumors  that 
expressed  ILK.  However,  loss  of  ILK  expression  did  not  correlate 
significantly  with  ER/PR  or  p53  status  or  with  any  other  critical 
parameters. 

All  breast  tumor  samples  described  in  Figures  2  and  3  have 
previously  been  identified  to  contain  LOH  at  the  1  lpl5.5.6  Allelic 
loss  results  in  the  reduction  of  gene  dosage  and  thus  may  result  in 
decreased  expression.  However,  as  seen  in  Figure  2,  all  tumors 
have  LOH  for  1 1  p  1 5.5  and  yet  only  some  tumors  show  complete 
loss  of  ILK  expression.  Therefore,  intragenic  mutations  or  epige¬ 
netic  mechanisms  might  contribute  to  the  biallelic  silencing  of  the 


Figure  3  -  Immunohistochemical  detection  of  ILK  expression  in 
normal  breast  tissues  (3N.  12N,  6N.  ION)  and  corresponding  invasive 
ductal  carcinomas  (3T,  12T,  6T,  10T).  Normal  ducts  were  positive  for 
ILK  expression,  whereas  the  invasive  ductal  carcinomas  expressed 
little  or  no  ILK.  Control-Normal  tissue  minus  primary  antibody. 


ILK  gene  in  breast  tumors.  These  mechanisms  are  currently  under 
investigation. 

ILK  suppresses  cell  growth  in  human  breast  carcinoma  cells 
The  inverse  correlation  between  ILK  expression  and  tumorige- 
nicity  suggested  the  hypothesis  that  elaboration  of  ILK  by  tumor 
cells  into  their  environment  may  exert  an  inhibitory  effect.  To  test 
this  hypothesis,  we  transfected  the  human  breast  carcinoma  cell 
line  MDA-MB-435  with  the  ILK  cDNA.  This  cell  line  synthesizes 
very  low  levels  of  ILK  compared  to  normal  mammary  epithelial 
cells  (Fig.  2b)  and  can  be  injected  into  the  mammary  fat  pad  of 
nude  mice  to  provide  an  orthotopic  model  system  for  human  breast 
cancer  tumorigenicity  and  metastasis.  The  MDA-MB-435  cells 
were  transfected  with  a  mammalian  expression  vector  pIRES- 
EGFP  containing  full-length  ILK  cDNA  under  control  of  the  CMV 
promoter.  A  total  of  4  stable  clones  expressing  different  levels  of 
ILK  have  been  established.  Comparison  of  mRNA  expression  by 
Northern  blot  analyses  revealed  that  the  clones  TR4  and  TR5 
expressed  slightly  higher  levels  of  ILK  mRNA  compared  to  the 
clones  TR2  and  TR3  (Fig.  4 b).  Based  on  Northern  blot  analysis. 
ILK  expression  in  clone  TR5  is  comparable  to  the  expression  in  the 
nonmalignant  breast  epithelial  cell  line  MCF-10A  and  to  the 
expression  in  normal  mammary  epithelial  cells  (Fig.  2b),  suggest¬ 
ing  that  ILK  expression  is  restored  to  normal  levels  upon  trans¬ 
fection.  The  expression  of  ILK  in  empty  vector  controls  (data  not 
shown)  is  comparable  to  untransfected  MDA-MB-435  cells  (UT). 
ILK  protein  levels  in  transfected  (TR3-TR5)  and  untransfected 


ILK  SUPPRESSES  GROWTH  OF  BREAST  CANCER  CELLS 


885 


colls  (UT)  were  determined  by  indirect  immunofluorescence  and 
Western  blotting.  The  ILK  protein  levels  in  these  cells  are  restored 
to  normal  breast  tissue  levels  (Fig.  4c),  and  the  expressed  ILK 
protein  is  localized  in  the  cytoplasm  (Fig.  4a,  panel  c).  Most 
strikingly,  corresponding  to  the  low  levels  of  ILK  mRNA  (Fig.  2b), 
the  highly  metastatic  MDA-MB-435  cell  line  exhibited  very  little 
detectable  ILK  protein  (Fig.  4a,  panel  b,  and  4c). 

To  determine  whether  ILK  expression  had  any  effect  on  the 
growth  properties  of  the  MDA-MB-435  cells,  we  determined  the 
growth  kinetics  of  the  clones  TR3  and  TR5.  ILK  expression  causes 
the  MDA-MB-435  cells  to  grow  to  a  low  saturation  density  (Fig. 
5fl),  and  there  is  substantial  growth  suppression  of  the  TR5  clone 
compared  to  untransfectcd  MDA-MB-435  cells.  The  growth  sup¬ 
pression  of  the  transfeetants  was  ILK  concentration  dependent  with 
TR5  (high-expressing  clone)  growing  to  a  lower  saturation  density 
than  TR3  (low-expressing  clone).  Furthermore,  the  growth  rate  of 


TR5  was  decreased  by  approx.  40%  with  a  cell  doubling  time  of  96 
hr  compared  to  the  growth  rate  of  cells  transfected  with  vector 
alone  or  untransfected  cells,  which  had  a  doubling  time  of  48  hr. 
However,  there  were  no  remarkable  changes  in  cell  morphology. 

The  ability  of  ILK  to  suppress  growth  could  be  either  due  to  a 
nonspecific  lethal  effect  of  protein  overproduction  or  due  to  a  more 
specific  effect  on  cell  proliferation.  Alternatively,  antisense  inter¬ 
ference  of  ILK  mRNA  with  the  TAF II 30  may  also  be  responsible, 
since  the  overlapping  ILK  and  TAF  II 30  transcription  units  are  in 
a  head-to-tail  arrangement.  To  further  establish  a  link  between  ILK 
protein  function  and  growth  suppression,  we  tested  the  growth 
kinetics  of  2  ILK  variants.  ILK  contains  4  ankyrin  repeats  at  the 
NH2-terminusIS  that  participate  in  protein-protein  interactions  im¬ 
portant  for  integrin-,  growth-factor-  and  Wnt-mediated  signaling. 
First,  a  deletion  mutant,  A  ANK  lacking  this  domain  was  con¬ 
structed.  In  addition,  the  residue  E359  has  been  shown  to  be 


Figure  4  -  MDA-MB-435  cells  were  transfected  witli  pIRES-EGFP  vector  containing  full-length  ILK  cDNA,  and  4  stable  clones  were 
isolated,  (a)  Immunohistochemical  analysis  of  ILK  expression  in  the  MDA-MB-435  cells  before  (panel  b)  and  after  (panel  c)  transfection  (stable 
clone  TR5-/ZX).  (Panel  a)  No  primary  antibody  control,  (b)  Northern  blot  analysis  of  parental  (UT)  and  ILK  transfected  MDA-MB-435  cells. 
TR2.  3,  4  and  5  represent  stable  ILK  expfessing  clones.  mRNA  expression  was  determined  by  hybridization  witli  32P-labeled  ILK  probe.  (3-actitl 
expression  serves  as  control,  (c)  ILK  protein  expression  was  determined  by  Western  blotting  in  whole-cell  lysates  of  untransfected  (UT), 
MDA-MB-435  cells  transfected  with  ILK  cDNA  constructs  (TR3.  TR4  and  TR5).  normal  (N7,  N8)  and  tumor  (T2)  breast  cells. 
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Figure  5 -Growth  effects  of  wild-type  and  mutant  alleles  of  ILK  in  MDA-MB-435  breast  cancer  cells.  The  MDA-MB-435  cells  were 
transfected  with  either  full-length  ILK  cDNA,  ILK  mutant  AANK.  ILK  mutant  E359K  or  eukaryotic  expression  vector,  and  stable  clones  were 
obtained,  (a)  Growth  rates  of  2  stable  ILK  expressing  MDA-MB-435  cell  clones  (TR3 -ILK  and  TR5 -ILK)  that  contain  full-length  ILK  cDNA 
compared  to  a  stable  clone  containing  empty  vector  (VT)  and  untransfected  MDA-MB-435  cells  (UT).  (I).)  Growth  rates  of  ILK  mutants  AANK 
and  E359K  compared  to  the  wild-type  ILK  expressing  clone  TR5 -ILK.  The  means  of  3  independent  experiments  are  shown.  Bars  represent  S.E. 
(c)  Cell-cycle  analysis  by  propidium  iodide  staining  in  MDA-MB-435  cells  (UT),  transfected  with  empty  vector  (VT),  with  full-length  ILK 
cDNA  ( 7R5-ILK)  or  with  the  ILK  mutants  AANK  and  E359K.  The  regions  between  the  vertical  lines  from  left  to  right  represent  cells  in  G0/G1, 
S  and  G2/M.  respectively. 
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essential  for  ILK  function.18  We  therefore  constructed  an  ILK  point 
mutant  (E359K)  in  which  the  highly  conserved  Glu359  within  the 
ILK  catalytic  domain  was  substituted  with  lysine.  Whether  the 
residue  E359  is  responsible  for  kinase  activity  is  unclear;31  how¬ 
ever,  it  is  clear  that  E359K  mutation  interferes  with  ILK  protein 
function.  In  transfected  clones,  the  level  of  expression  of  mutant 
ILK  proteins  was  comparable  to  that  of  wild-type  ILK.  The  growth 
rates  of  the  stably  transfected  ILK  mutant  clones  A  ANK  and 
E359K  compared  to  the  ILK  transfectant  TR5  are  shown  in  Figure 
5b.  As  discussed  above,  expression  of  the  wild-type  ILK  strongly 
inhibited  growth  of  the  MDA-MB-435  cells.  In  contrast,  both  the 
A  ANK  and  E359K  mutants  lost  their  capacity  to  suppress  the 
growth  of  the  MDA-MB-435  cells  (Fig.  5b).  arguing  against  a 
nonspecific  effect  of  protein  overproduction  as  well  as  antisense 
interference  with  TAF  II  30  transcription  unit. 

Expression  of  ILK  in  MDA-MB-435  cells  leads  to  a  G1 
cell-cycle  arrest 


A. 
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The  observed  growth  suppression  by  ILK  could  be  caused  by 
either  increased  apoptosis  or  inhibition  of  cell  proliferation.  To 
investigate  the  mechanisms  underlying  the  growth  suppression  by 
ILK  expression,  we  studied  apoptosis  by  fluorescence-activated 
cell  sorting  (FACS)  analysis  of  Annexin-V  stained  ILK  and  vector 
transfcctants.  There  was  no  increase  in  the  rate  of  apoptosis  in 
/LK-expressing  cells  compared  to  vector  transfectants  (data  not 
shown).  Therefore,  programmed  cell  death  does  not  seem  to  ac¬ 
count  for  the  growth  suppression  of  ILK  transfected  cells. 

To  test  for  cell-cycle  regulation  by  ILK,  propidium  iodide- 
stained  MDA-MB-435  clones  were  analyzed  by  flow  cytometry. 
Expression  of  ILK  increased  the  number  of  cells  in  G0/G1  from 
64%  to  85%  (Fig.  5c,  VT  and  TR5-ILK)  and  decreased  inversely 
the  number  of  cells  in  S  and  G2/M  phase  from  26%  and  10%  to  9% 
and  5%  (Fig.  5c.  VT  and  TR5-ILK).  In  contrast,  the  cell-cycle 
profiles  of  the  2  ILK  variants  A  ANK  and  E359K  were  very  similar 
to  the  parental  MDA-MB-435  cells.  These  results  indicate  that  ILK 
growth  suppression  results  from  G1  cell-cycle  arrest.  The  accu¬ 
mulation  of  cells  in  the  G0/G1  phase  of  the  cell  cycle  suggests 
arrest  predominantly  at  the  Gl/S  boundary.  ILK  expression  does 
not  induce  cell  death  or  apoptosis  but  induces  a  very  pronounced 
growth  arrest  with  85%  of  the  cells  in  G0/G1,  a  property  that  is  the 
hallmark  of  growth/tumor  suppressors. 

ILK  suppresses  the  invasive  phenotype  of  human  breast 
carcinoma  cells 

Cell  migration  on  vitronectin  in  vitro  has  been  linked  to  the 
metastatic  capacity  of  tumor  cells  in  v/vo.32-33  To  examine  the 
effects  of  ILK  expression  on  breast  cancer  cell  invasion,  the  ability 
of  vector  and  ILK  transfected  MDA-MB-435  cells  to  degrade  and 
invade  vitronectin-coated  polycarbonate  membrane  was  investi¬ 
gated.  As  shown  in  Fig.  6a,  a  significant  reduction  in  invasive 
potential  was  noted  in  the  ILK-expressing  clone  TR5  compared  to 
vector  transfected  MDA-MB-435  cells  (VT)  (Fig.  6a).  Cell  inva¬ 
sion  through  membranes  coated  with  vitronectin  is  decreased  by 
60%’  in  MDA-MB-435  cells  expressing  ILK  compared  to  vector 
transfected  MDA-MB-435  cells.  In  contrast,  the  2  ILK  variants  A 
ANK  and  E359K  have  no  significant  effect  on  cell  invasion  under 
identical  conditions  (Fig.  6a). 

In  fact,  there  is  a  slight  increase  in  invasive  potential  of  the 
variant  clones  (A  ANK  and  E359K),  suggesting  a  dominant¬ 
negative  effect,  perhaps  due  to  inhibition  of  endogenous  ILK  in  the 
MDA-MB-435  cells.  These  results  indicate  that  ILK  expression 
abates  extracellular  matrix  invasion  of  tumor  cells  in  vitro,  one  of 
the  hallmarks  of  tumorigenicity  and  transformed  cell  growth. 

Cell  adhesion,  migration  and  invasion  are  controlled  by  the 
levels  of  integrins  and  by  the  amount  of  fibronectin  matrix  around 
the  cell.20  Because  the  <*5(31  and  av(33  integrins  have  been  impli¬ 
cated  in  the  regulation  of  angiogenesis,  tumor  cell  migration, 
invasion  and  metastasis,  we  speculated  that  ILK  might  regulate  cell 
migration  via  alteration  of  the  cellular  composition  of  integrins. 
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Figure  6 -(a)  Cell  invasion  assay  of  MDA-MB-435  cells  trans¬ 
fected  with  vector  (VT),  full-length  ILK  and  its  variants  (AANK. 
E359K).  Cell  invasion  through  vitronectin  was  analyzed  using  a  mod¬ 
ified  Boyden  chamber.  Cells  that  invaded  to  the  lower  surface  of  the. 
membrane  were  lysed  and  absorbance  determined  at  560  mil.  (b)  Flow 
cytometric  analysis  of  a5(31  and  av(33  integrins  expressed  on  the 
surface  of  ILK  transfected  and  parental  MDA-MB-435  cells.  The 
relative  fluorescence  intensity  of  cells  stained  with  ot5 (3 1  and  «v(33 
antibodies  is  represented  as  percentage  of  cell  shift.  Bars  represent  S.E. 
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Using  specific  antibodies  against  these  integrins  in  flow  cytometry 
analysis,  we  compared  integrin  expression  patterns  in  relation  to 
the  ILK  expression  status.  The  results  are  shown  in  Figure  6b.  The 
ILK  transfected  cells  demonstrated  a  22%  increase  in  levels  of  the 
growth-suppressing  integrin  a5(31  and  a  31%  decrease  in  levels  of 
the  growth-promoting  integrin  av(33  compared  to  the  control  cells. 
The  changes  in  levels  of  av|33  and  a5(31  expression  in  ILK 
transfected  cells,  although  relatively  moderate  in  comparison  to 
control  cells,  nonetheless  are  highly  significant.  Collectively,  these 
observations  suggest  that  ILK  reduces  the  invasive  potential  of 
MDA-MB-435  cells  by  altering  their  integrin  profiles,  which 
changes  their  ability  to  perceive  and  interact  with  their  extracel¬ 
lular  environment. 

ILK  suppresses  tumor  formation  and  metastasis  in  nude  mice 
The  most  stringent  experimental  test  of  neoplastic  behavior  is 
the  ability  of  injected  cells  to  form  tumors  in  nude  mice.  Yet  not 
all  of  the  cellular  growth  properties  commonly  associated  with  the 
cellular  state  in  vitro  are  required  for  neoplastic  growth  in  vivo  and 
vice  versa.  Therefore,  loss  of  tumorigenicity  under  expression  of 
ILK  in  vivo  would  be  a  critical  test  to  substantiate  the  growth 
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suppressor  function  of  ILK,  The  mammary  carcinoma  cell  line 
MDA-MB-435  forms  tumors  at  the  site  of  orthotopic  injection, 
metastasizes  in  nude  mice  and  closely  resembles  the  course  of 
human  breast  cancer,34  To  investigate  whether  ILK  expression 
affected  tumor  formation  in  nude  mice,  2  different  ILK  transfectant 
clones  (TR5-ILK  and  TR3-ILK)  and  2  vector  controls  were  inoc¬ 
ulated  into  the  subaxillary  mammary  fat  pads  of  4 -6- week-old 
athymic  nude  mice.  Tumors  were  measured  weekly  thereafter  to 
assess  the  growth  rate.  All  MDA-MB-435  vector  transfectants 
were  already  palpable  7  days  after  injection.  Subsequently,  the 
tumors  of  vector  transfectants  grew  steadily,  attaining  mean  vol¬ 
umes  of  3.0  cm3  (mean  ±  S.D.)  at  15  weeks  (Fig.  7 a.b).  In 
contrast,  only  2  of  12  mice  injected  with  ILK  transfectants  devel¬ 
oped  tumors.  The  tumor  growth  of  ILK  transfectants  was  signifi¬ 
cantly  slower  than  that  of  control  transfectants  (p  <  0.005,  Fisher 
variance  analysis).  At  sacrifice  (15  weeks),  the  ILK  tumors  reached 
a  mean  volume  of  only  0.45  cm3  (mean  ±  S.D.).  which  was 
significantly  smaller  than  control  tumors  (p  <  0.001,  Student’s 
f-test).  Vector  transfected  MDA-MB-435  cells  developed  an  aver¬ 
age  of  12-24  lung  metastases  per  mouse  (Fig.  7c).  Additional 
tumor  masses  were  present  in  central  venous  blood  vessels,  the 
diaphragm  and  lymph  nodes  of  vector  transfectants  (data  not 
shown).  In  contrast,  with  the  ILK  transfectants,  only  1  of  the  2 
animals  that  developed  tumors  exhibited  a  single  metastatic  colony 


in  the  lung.  The  presence  of  additional  microscopic  metastases  in 
random  lung  sections  was  not  observed  by  H&E  staining  (data  not 
shown).  These  results  clearly  demonstrate  that  the  expression  of 
ILK  in  human  MDA-MB-435  breast  carcinoma  cells  significantly 
suppresses  tumorigcnicity  and  metastatic  ability  in  athymic  nude 
mice. 


DISCUSSION 

Growth-inhibitory  functions  of  ILK 
Our  study  reveals  that  expression  of  ILK  potently  suppresses  in 
vitro  growth  and  invasiveness  and  in  vivo  tumorigenicity  of  the 
human  mammary  carcinoma  cells.  The  MDA-MB-435  cells  arc  a 
model  for  deficient  ILK  protein  expression,  and  transfection  of  the 
ILK  gene  is  designed  to  restore  this  deficiency.  The  growth- 
suppression  activity  requires  a  functional  ILK  protein,  since  ex¬ 
pression  of  wild-type  ILK,  but  not  the  ankyrin  repeat  or  the 
catalytic  domain  mutants,  resulted  in  growth  suppression  of  MDA- 
MB-435  cells.  These  results  suggest  a  possible  role  for  ILK  in  the 
suppression  of  tumor  growth  and  metastasis  and  directly  implicate 
its  loss  in  processes  regulating  the  malignant  phenotype  in  human 
breast  cancer.  ILK  seems  to  play  a  dual  role  in  the  MDA-MB-435 
model  system.  First,  it  regulates  cell-cycle  progression  at  the  Gl/S 
boundary,  and  second,  it  modulates  the  levels  of  integrins,  trans- 


Figure  7  -(o)  In  vivo  tumor  growth  of  ILK  transfected  and  vector  transfected  MDA-MB-435  cells  in  mammary  fat  pads  of  athymic  nude  mice. 
Each  point  represents  the  mean  ±  S.E.  of  tumors,  (b)  An  amount  of  5  X  10s  cells  of  ILK  transfected  (top  panel)  or  vector  transfected  (bottom 
panel)  MDA-MB-435  cells  were  injected  s.c.  into  the  mammary  fat  pad  area  below  the  nipple.  Tumors  were  allowed  to  grow  for  15  weeks,  at 
which  time  the  mice  were  photographed  and  sacrificed,  (c)  Lung  colony  formation  in  athymic  nude  mice  injected  with  vector  transfected  (VT) 
or  ILK  transfected  (ILK)  MDA-MB-435  cells.  Bars  represent  S.E. 
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membrane  receptors  that  have  been  shown  to  regulate  growth, 
differentiation  and  invasiveness  of  cells.  During  this  process,  the 
neoplastic  cells  cease  to  proliferate  and  lose  their  ability  to  migrate 
through  vitronectin  membranes  (Fig.  6)  and  to  induce  tumor 
growth  and  metastasis  in  nude  mice  (Fig.  7).  Our  results  are 
consistent  with  earlier  micro-ccll-mediated  chromosome  transfer 
experiments  showing  that  introduction  of  human  chromosome  1 1 
into  MDA-MB-435  cells  suppressed  metastasis  in  nude  mice.35 

Our  observations  on  the  role  of  ILK  in  the  highly  invasive 
mammary  carcinoma  cell  line  differ  from  earlier  findings  of  ILK 
overexpression  in  normal  epithelial  cells.  Overexpression  of  ILK 
in  normal  epithelial  cells  (Scp2  mouse  mammary  epithelial  cells 
and  IEC-18  rat  intestinal  epithelial  cells)  results  in  anchorage- 
independent  growth,36  cell-cycle  progression37  and  tumorigcnicity 
in  nude  mice.38  The  apparent  contradiction  between  these  2  models 
may  be  due  to  the  cellular  context  in  which  ILK  was  expressed. 
Normal  epithelial  cells  express  optimal  levels  of  ILK,  whereas  the 
MDA-MB-435  cells  have  sub-threshold  ILK  expression.  Thus,  the 
effects  we  report  are  due  to  restoration  of  the  cellular  ILK  levels, 
whereas  the  results  of  ILK  transfection  in  normal  cells  likely 
represent  the  effects  of  ILK  overexpression.  These  differences 
could  account  for  distinct  phenotypic  changes  in  the  2  experimen¬ 
tal  models.  For  instance,  normal  epithelial  cells  have  a  different 
integrin  composition  compared  to  breast  cancer  cell  lines,39-40  and 
any  changes  in  these  cells  that  perturbs  the  ratio  of  various  inte- 
grins  (such  as  ILK  overexpression)  can  be  expected  to  differently 
affect  the  fate  of  these  cells.  The  a5|3l  integrin  is  expressed  by  the 
majority  of  epithelial  cell  types,  including  those  of  breast,  skin, 
lung,  gastrointestinal  system  and  the  genitourinary  tracts.-19-41 
Whereas  the  normal  breast  ducts  and  ductules  express  high  levels 
of  a5(31  integrin,41  the  expression  pattern  of  integrins  in  invasive 
mammary  carcinoma  cells  is  atypical,  and  abnormalities  observed 
include  loss,  downregulation  or  improper  localization  a5(31  inte¬ 
grin  at  the  cell  surface.42-43  The  a5(31  integrin  is  diminished  in 
moderately  differentiated  carcinoma,  and  its  expression  is  mark¬ 
edly  reduced  or  undetectable  in  poorly  differentiated  adenocarci¬ 
noma  of  the  of  the  breast.40"43  The  a5(3 1  integrin  has  been  directly 
implicated  in  the  growth  inhibition  of  tumor  cells.40  In  contrast, 
expression  of  the  av|33  integrin  positively  regulates  tumor  cell 
proliferation  40  Integrin  av(33  is  minimally  expressed  in  normal 
epithelial  cells  and  in  normal  blood  vessels  and  is  significantly 
upregulated  within  human  tumors.44  In  several  malignancies,  tu¬ 
mor  cells  express  avp3,  and  this  expression  correlates  with  tumor 
progression  in  melanoma,  glioma  and  ovarian,  prostate  and  breast 
cancer.40-45  In  breast,  avp3  characterizes  the  metastatic  phenotype 
as  this  integrin  is  upregulated  in  invasive  tumors  and  in  distant 
metastases.45-46  Thus,  the  pattern  of  integrin  expression  in  the 
tumor  cell  is  implicated  in  the  enhanced  proliferation  that  is  a 
characteristic  of  tumor  cells.  The  data  we  have  obtained  with  the 
MDA-MB-435  cells  are  consistent  with  a  role  for  ILK  in  the 
modulation  of  integrin  expression  and  integrin-regulated  cellular 
proliferation.  The  MDA-MB-435  studied  here  were  chosen  for  the 
metastatic  property  that  easily  formed  tumors  in  nude  mice.  We 
speculate  that  the  growth-suppression  role  described  for  ILK  using 
this  model  is  a  general  phenomenon  that  occurs  in  all  cell  lines  in 
response  to  changes  in  ILK  levels. 

In  the  context  of  a  highly  invasive  mammary  carcinoma  cell,  we 
have  demonstrated  that  ILK  transfection  causes  a  reversal  in  ratio 
of  expression  of  integrin  cx5p  1  to  avp3.  However,  it  is  highly 
likely  that  the  levels  of  other  integrins  such  as  a6pl  may  also 
change  either  directly  in  response  to  ILK  or  indirectly  due  to 
changes  in  the  availability  of  pi  or  P3  integrins.  This  change  is 
associated  with  a  decrease  in  the  cells’  ability  to  transmigrate  in 
vitro  and  metastasize  in  vivo.  It  is  well  documented  that  changes  in 
how  cells  interact  with  their  environment  via  altered,  modulated  or 
regulated  integrin  interaction  can  have  dramatic  and  far-reaching 
consequences  for  both  normal  and  pathologic  conditions.  Studies 
have  shown  that  perturbations  of  certain  integrins  (by  either  liga¬ 
tion  or  treatment  with  certain  anti-integrin  antibodies)  can  generate 
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Figure  8  -  Model  for  the  growth  and  metastasis  of  human  breast 
cancer  cells  MDA-MB  435.  The  highly  invasive  and  metastatic  cell 
line  MDA-MB-435  has  an  abnormal  integrin  repertoire  and  altered  cell 
matrix  interaction  due  to  loss  of  ILK  expression.  These  cells  become 
less  invasive  and  metastatic  upon  ILK  gene  transfer,  which  restores  the 
stoichiometry  of  the  integrins  and  cytoskeletal  elements.  Postulated 
changes  in  intracellular  regulatory  events  are  shown. 


signals  which  result  in  an  increase  in  intracellular  pH,  and  Ca2+ 
levels,  changes  in  inositol  lipid  synthesis,  tyrosine  phosphorylation 
of  ppl25FAR:,  activation  of  p34/cdc2  and  cyclin  A.  activation  of 
protein  kinase  C,  mitogen-activated  protein  kinase  (MAPK),  phos- 
phatidylinositol  3-kinase,  Ras,  and  NF-kB.40-47  Furthermore,  the 
cxvp3  on  melanoma  cells  has  been  shown  to  bind  and  localize 
proteolyticnlly  active  MMP-2  at  the  cell  surface  which  appears  to 
facilitate  cell  mediated  collagen  degradation  and  directed  cellular 
invasion,48  Clearly,  integrins  are  key  molecules  to  integrate  intrin¬ 
sic  and  extrinsic  events  of  the  cellular  behavior.  They  profoundly 
influence  oncogenesis  and  the  metastatic  process.  Thus,  changes  in 
integrin  composition  brought  about  through  restoration  of  ILK 
protein  expression  in  invasive  breast  carcinoma  cells  can  be  ex¬ 
pected  to  bestow  completely  different,  and  even  opposite  effects, 
compared  to  the  effects  of  ILK  protein  overexpression  in  normal 
cells. 

A  likely  mechanism  for  the  growth  and  metastasis  of  the  breast 
cancer  cells  MDA-MB-435  is  shown  in  Figure  8.  Focal  contact 
with  the  extracellular  matrix  is  a  fundamental  mechanism  by 
which  cells  initiate  intracytoplasmic  signaling  in  order  to  regulate 
differentiation,  growth,  attachment,  migration,  invasion  and  me¬ 
tastasis.  The  stoichiometry  of  integrins.  cytoskeletal  elements  and 
ILK  is  probably  an  essential  factor  for  the  proper  functioning  of 
these  cellular  processes.  Regulation  of  cellular  ILK  level  is  critical 
for  maintaining  the  integrin  repertoire  of  the  cell  that  is  essential 
for  normal  interactions  between  cells  and  the  extracellular  matrix. 
The  highly  invasive  and  metastatic  cell  line  MDA-MB-435  has  an 
abnormal  integrin  repertoire  and  altered  cell  matrix  interaction  due 
to  loss  of  ILK  expression.  The  increased  expression  of  av|33  and 
reduced  expression  of  a5pi  integrin  and  perhaps  changes  in  other 
integrins  as  well  make  these  cells  highly  proliferative,  invasive  and 
metastatic  both  in  vitro  and  in  vivo.  These  cells  become  less 
invasive  and  metastatic  upon  ILK  gene  transfer,  which  restores  the 
stoichiometry  of  the  integrins  and  cytoskeletal  elements.  ILK 
downregulates  avp3  and  upregulates  the  expression  of  avpl  in¬ 
tegrin  and  could  as  well  affect  the  expression  levels  of  other 
integrins  not  examined  here.  This  in  turn  leads  to  G1  cell-cycle 
arrest,  decreased  migration  and  cues  for  tissue  preservation.  It  is 
highly  likely  that  the  effects  seen  are  accompanied  by  composite 
changes  in  many  other  cell  surface  integrins  and  receptors  as  well. 
In  breast  cancer,  altered  cell  matrix  contact  due  to  altered  integrins 
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has  been  shown  to  be  a  prerequisite  for  metastasis.49  Based  on  this 
model,  we  speculate  that  ILK  transfection  in  normal  cells  alters 
their  integrin  profile  and  intcgrin-cytoskeletal  stoichiometry,  lead¬ 
ing  to  a  decrease  in  cell  extracellular  matrix  interactions.  This  in 
turn  induces  anchorage-independent  growth,36  cell-cycle  progres¬ 
sion37  and  tumorigenicity  in  nude  mice.38  Clearly,  the  functions  of 
ILK  are  more  complex  than  previously  envisioned,  and  the  diver¬ 
gent  and  often  paradoxical  effects  mediated  by  ILK  may  depend  on 
the  particular  cell  type,  cell  environment  and  the  cell-specific 
integrins  that  are  activated. 

In  conclusion,  we  have  shown  that  the  loss  of  ILK  expression  is 
associated  with  the  acquisition  of  a  malignant  breast  tumor  phe¬ 
notype  and  that  ILK  may  directly  act  as  a  growth  suppressor, 
presumably  by  controlling  cell  division  and  by  modulating  the 


levels  of  integrins.  The  absence  of  the  ILK  may  promote  uncoor¬ 
dinated  G1  cell-cycle  progression,  allowing  cells  to  bypass  the 
normal  signaling  processes  regulated  by  growth  factors  and  cell 
anchorage,  leading  to  tumorigenesis. 
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